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PREFACE 


The  advancement  in  the  knowledge  of  chemical  and  physical 
laws  controlling  the  behavior  of  solutions  has  been  so  material, 
and  the  application  of  these  laws  to  the  problems  of  petrology 
is  so  vital  to  a  correct  understanding  of  the  fundamental  char- 
acters of  igneous  rocks,  that  the  study  of  such  rocks  should  be 
conducted  along  lines  closely  in  accord  with  the  chemical  and 
physical  principles  mentioned.  Moreover,  the  methods  of  investi- 
gating rocks  have  so  greatly  improved,  and  are  yielding  such 
an  increasing  store  of  geological,  mineralogical,  and  chemical  data, 
and  such  an  enlarged  knowledge  of  the  rocks  themselves,  that  a 
more  comprehensive  view  is  possible  of  the  field  of  igneous  petrol- 
ogy and  of  the  scope  of  the  problems  involved  in  its  development. 

The  thorough  study  of  favorable  occurrences  of  igneous  rocks 
in  various  parts  of  the  world  has  furnished  reasonable  basis  for 
extensive  generalizations,  and  the  laboratory  study  of  many 
kinds  of  material  has  provided  valuable  information  of  a  chemi- 
cal and  mineralogical  nature.  Notable  advances  are  being 
made  in  the  physical  and  chemical  investigation  of  rock  minerals 
and  rocks,  the  most  important  of  which  are  those  carried  on  in 
the  Geophysical  Laboratory  of  the  Carnegie  Institution  of  Wash- 
ington. The  synthetical  researches  of  Day  and  his  colleagues, 
as  well  as  those  of  Vogt,  Doelter,  Morozewicz,  and  others  are 
carrying  forward  the  earlier  work  of  Daubr^e,  Fouqu^  and  Michel- 
L^vy,  and  are  establishing  the  laws  of  formation  of  the  mineral 
constituents  of  igneous  rocks. 

Recognition  of  the  character  of  igneous  magmas  as  solutions 
has  opened  the  way  for  the  application  of  modern  conceptions  of 
physical  chemistry  to  the  elucidation  of  the  phenomena  of  crys- 
tallization, and  of  genetic  relationships  among  igneous  rocks. 
Foremost  among  those  who  have  attempted  such  an  application 
is  Vogt,  following  the  lead  of  Bunsen.  The  result  of  these  ad- 
vances has  been  the  shifting  of  the  point  of  view  of  the  student 
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of  petrology,  and  the  need  of  changing  the  line  of  attack  on  the 
problems  presented. 

For  these  reasons  it  has  been  thought  advisable  to  adopt  a  new 
method  of  treating  the  subject  of  igneous  rocks;  one  that  assumes 
an  elementary  acquaintance  with  rocks  on  the  part  of  the  student, 
which  may  be  acquired  in  courses  in  general  geology;  and  which 
begins  with  the  most  fundamental  and  essential  character  of 
igneous  rocks,  their  chemical  composition.  This  character  is 
considered  in  terms  of  the  component  elements,  and  of  the  com- 
pounds, or  minerals,  in  which  the  elements  combine. 

To  account  for  the  production  of  these  compounds,  and  for 
their  separation  from  magma  solutions,  and  their  crystallization 
into  rocks,  the  probable  physical  and  chemical  characters  of 
rock  magmas  are  discussed  with  reference  to  known  physico- 
chemical  laws  regarding  solutions.  These  are  set  forth  in  some 
detail  in  order  to  bring  them  clearly  before  the  mind  of  the  student; 
special  ^application  of  the  laws  of  chemical  reactions  being  made 
to  a  magma  of  average  composition.  When  the  presence  in  a 
magma  of  certain  compounds  has  been  recognized  as  probable, 
their  separation  from  solution,  and  their  crystallization  are  of 
next  moment.  This  leads  to  a  consideration  of  the  texture  of 
igneous  rocks.  And  further  application  of  chemical  and  physical 
laws  to  conditions  of  equilibrium  in  rock  magmas  introduces  the 
subject  of  the  diflferentiation  of  magmas  and  the  origin  of  varia- 
tion in  igneous  rocks,  which  is  followed  logically  by  the  problem 
of  their  eruption  and  solidification  as  rock  bodies. 

Having  acquired  a  knowledge  of  the  general  principles  appli- 
cable to  all  igneous  rocks,  it  is  in  order  to  consider  specifically 
those  occurring  in  all  known  parts  of  the  earth;  systematically 
in  the  first  instance,  and  afterwards  according  to  groups  as  they 
occur  in  diflFerent  regions,  or  petrographical  provinces.  But  to 
do  this  a  nomenclature  is  necessary,  and  some  system  of  classi- 
fication. To  understand  the  confusion  existing  in  the  systems 
in  use  at  present  a  brief  historical  review  of  the  growth  of  petro- 
graphy is  given.  This  is  followed  by  a  summary  of  the  Qualita- 
tive Mineralogical  Classification  of  igneous  rocks  in  general  use, 
and  by  a  statement  of  the  Quantitative  System  of  Classification. 
The  descriptive  portion  of  the  work  is  to  constitute  a  second 
volume. 


PREFACE  V 

In  the  construction  of  Volume  I,  liberal  use  has  been  made  of 
many  sources  of  information,  to  which  references  are  given  in 
most  cases.  But  the  subject  is  so  complex  that  the  present  treat- 
ment of  it  must  be  necessarily  incomplete.  However,  it  is  hoped 
that  the  essential  features  of  the  petrology  of  igneous  rocks  have 
been  presented  in  such  a  manner  as  to  inform  the  student  of  the 
fundamental  facts  of  the  subject,  and  to  call  his  attention  to  the 
lines  along  which  further  advancement  of  the  science  may  be 
made. 

I  am  under  special  obligations  to  Dr.  Arthur  L.*  Day  of  the 
Geophysical  Laboratory  of  the  Carnegie  Institution  of  Washing- 
ton, and  to  Professor  Alexander  Smith  of  the  University  of 
Chicago.  And  my  thanks  are  due  to  Professor  George  P.  Merrill 
of  the  National  Museum;  to  Dr.  E.  O.  Hovey  of  the  American 
Museum  of  Natural  History;  and  to  Dr.  Whitman  Cross,  and  other 
friends,  of  the  United  States  Geological  Survey,  who  have  gener- 
ously permitted  the  use  of  photographs  for  illustrations. 

To  my  colleagues  in  petrology,  Dr.  Whitman  Cross,  Professor 
Louis  V.  Pirsson,  and  Dr.  Henry  S.  Washington,  I  am  indebted  for 
much  that  appears  in  many  parts  of  the  book.  The  intimate 
association  sustained  with  these  workers  in  the  same  field  of 
research,  especially  in  the  development  of  the  System  of  Quantita- 
tive Classification  of  Igneous  Rocks,  has  so  blended  ideas  and 
conceptions  of  the  character  of  rock  magmas,  and  of  the  essential 
features  of  igneous  rocks,  that  it  is  difficult  to  dissociate  myself 
from  a  feeling  of  joint  responsibility  with  them  for  most  of  the 
contents  of  this  volume.  There  is  in  fact  common  authorship  in 
the  subject  matter  of  the  chapter  on  the  Quantitative  System 
of  Classification,  and  in  a  great  part  of  that  in  the  chapter  on  the 
texture  of  igneous  rocks;  chapters  based  on  our  joint  publica- 
tions on  these  subjects.  And  to  these  colleagues  and  co-workers 
I  dedicate  this  book  in  token  of  friendship  and  esteem,  and  in 
recollection  of  many  days  spent  in  hearty  cooperation  in  the 

field  of  constructiye  petrology. 

JOSEPH  P.  IDDINGS. 

Washington,  March  1, 1909. 
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PART   I 

CHEMICAL  AND  MINERAL  COMPOSITION  AND 
CONSTITUTION  OF  IGNEOUS  BOCKS 

CHAPTER  I 

CHEMICAL  COMPOSITION  OP  IGNEOUS  ROCKS 

Introduction.  —  Although  igneous  rocks  consist  in  most  cases 
of  cr3rstals  of  several  minerals  that  difFer  distinctly  from  one 
another  in  composition,  but  may  contain  like  elements,  it  i^ 
possible  to  consider  the  chemical  composition  of  the  rock  as  a 
whole  without  regard  to  its  mineral  constituents.  And  this  is 
also  admissible  because  before  solidification  the  mass,  in  a  fluid 
state,  must  have  existed  as  a  more  or  less  homogeneous  liquid. 
And  it  may  fairly  be  assumed  that  the  chemical  composition  of 
the  liquid  molten  magma,  in  any  given  case,  was  the  same  as 
that  of  the  solidified  rock,  before  secondary  actions  may  have 
produced  changes  in  its  composition.  The  chemical  composition 
of  a  fresh,  unaltered,  igneous  rock  may  be  considered  then  aa 
representing  the  composition  of  its  preexisting  liquid  magma, 
or  rock  solution,  except  for  the  escaped  gases. 

While  in  many  instances  igneous  rocks  have  undergone  more 
or  less  alteration  since  their  first  solidification,  there  are  many 
instances  in  which  they  have  experienced  so  little  chemical 
change  that  the  chemical  analysis  of  the  rock  undoubtedly  repre- 
sents essentially  the  chemical  composition  of  the  liquid  magma 
from  which  it  solidified.  Such  slightly  altered  rocks  are  known 
among  almost  all  varieties  of  igneous  rock.  The  commonest 
modes  of  chemical  alteration  are  accompanied  by  accessions  of 
water,  or  carbon  dioxide,  or  both;  analyses  of  such  rocks  may 
usually  be  recognized  by  the  presence  of  abnormal  percentages 
of  these  constituents.  In  other  cases  microscopical  study  of 
the  rock  may  reyeal  the  altered  condition. 
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CHEMICAL  DATA 

The  discussion  of  the  chemical  composition  of  igneous  rocks  is 
based  on  analyses  that  have  been  made  and  published  at  various 
times  by  chemists  and  petrographers  in  all  parts  of  the  world, 
and  that  may  be  found  in  widely  scattered  publications.  But  the 
student  is  fortunate  in  having  at  his  command  almost  complete 
collections  of  these  analyses  brought  together  in  accessible  tables 
which  may  be  found  in  any  well-equipped  petrographical  library. 
The  earlier  rock  analyses  were  republished  in  tabular  form  by 
Justus  Roth  in  the  Proceedings  of  the  Royal  Prussian  Academy 
of  Science,  in  Berlin,  and  embrace  all  those  that  had  appeared  in 
print  prior  to  1884,*  amounting  to  2422.  The  more  reliable  of 
them,  248  in  number,  have  since  been  rearranged  in  tabular  form 
by  H.  S.  Washington,  and  have  been  republished  by  the  U.  S. 
Geolo^cal  Survey.' 

All  rock  analyses  that  were  published  from  1884  to  1900,  some 
2881,  have  been  tabulated  by  Washington,  and  published  by  the 
U.  S.  Geological  Survey,'  and  more  recent  analyses  are  about  to  be 
tabulated  and  issued  in  a  similar  manner.  Valuable  sources  of 
chemical  and  mineralogical  data  relating  to  igneous  rocks  are  the 
Bulletins,  168  and  228,  of  the  U.  S.  Geological  Survey,*  which  con- 
tain brief  descriptions  of  the  mineral  composition  of  most  of  the 
rocks  that  have  been  analyzed  in  the  laboratories  of  the  Survey. 

Comments  and  criticism  of  rock  analyses  and  descriptions  of  the  most 
modem  methods  of  making  complete  chemical  analyses  of  rocks  may  be 
found  in  the  Bulletins  just  mentioned,  in  the  introduction  to  the  Tables  of 
analyses  collected  by  H.  S.  Washington,*  and  in  works  on  the  subject  of 
rock  analysis  by  W.  F.  Hillebrand*  and  by  H.  S.  Washington.' 

*  Roth,  J.  Die  Gesteins  Analysen,  etc.,  Beritn,  1861,  and  Beitrage  lur 
Petrographie  der  plutonischen  Gesteine,  etc.  Sitxungsber.  K.  Preuss.  Akad. 
Wiss.,  Beriin,  1869,  1873,  1879  and  1884. 

'  Washington,  H.  S.  The  Superior  Analyses  of  Igneous  Rocks  from 
Roth's  Tabellen.  etc.     U.  S.  Geological  Survey,  Prof.  Paper.  28,  1904. 

'  Washington,  H.  S.  Chemical  Analyses  of  Igneous  Rocks,  published 
from  1884  to  1900.  etc.     U.  S.  Geological  Survey,  Prof.  Paper,  14,  1903. 

*  Clarice,  F.  W.  Analyses  of  Rocks  from  the  Laboratoiy  of  the  U.  8. 
Geological  Survey,  etc.     Bulletin,  168,  1900,  and  228,  1904. 

*  Loc.  cii.t  pp.  16-43. 

*  Hillebiand.  W.  F.  Some  Principles  and  Methods  of  Rock  Analysis. 
U.  S.  Geological  Survey.  Bulletin,  176,  1900. 

'  Washington.  H  S.  Manual  of  the  Chemical  Analysis  of  Rocka.  New 
York  and  London.  1904. 
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General  discussion  of  the  chemical  composition  of  igneous  rocks  may  be 
found  in  the  publications  of  Roth,  just  mentioned,  and  in  monographs  and 
text-books  cited  below: 

Rosenbusch,  H.  Uber  die  chemischen  Bcziehungen  der  Eniptivgesteine. 
Tscher.  min.  petr.  Mitth.,  1889,  xi,  144,  and,  Elemente  der  Gesteinslehre,  Stutt- 
gart, 1898. 

Zirkel,  F.    Lehrbuch  der  Petrographie.    Leipzig,  1893,  vol.  1,  pp.  649-679. 

Roth,  J.  Allgemeine  und  Chemische  Geologic.  Berlin,  1887,  vol.  2,  pp. 
57  67. 

Osann,  A.  Tscher.  min.  petr.  Mitth.,  vol.  19,  p.  351,  1900;  vol.  20,  p.  399, 
1901;  vol.  21.  p.  365,  1902;  vol.  22,  pp.  322,  403,  1903. 

Loewinson-Lessing,  F.    Compt.  Rend.  VII  Cong.  g^l.  intemat.,  1897. 

Washington,  H.  S.    U .  S.  Geological  Survey,  Professional  Paper,  14,  1903. 

Iddings,  J.  P.    U.  S.  Geological  Survey,  Professional  Paper,  18,  1903. 

Clarke,  F.  W.  The  Data  of  Geochemistry.  U.  S.  Geological  Survey, 
Bulletin  330.     1908,  pp.  352-400. 

Constitueiit  Elements.  —  A  study  of  these  data  shows  that 
there  are  a  few  elements  almost  always  present  in  notable 
amounts  in  igneous  rocks;  others  that  are  often  present  in  traces, 
occasionally  in  notable  amounts;  while  most  of  the  remaining 
known  chemical  elements  are  seldom  if  ever  recorded  in  chemical 
analyses,  but  have  been  noted  in  exceptional  occurrences,  or  as 
present  in  rare  minerals  found  chiefly  in  pegmatite  veins,  which 
are  undoubtedly  forms  of  igneous  rock  not  usually  analyzed  in 
bulk. 

The  commonly  occurring  elements,  usually  in  notable  amounts, 
are  oxygen  (0),  siUcon  (Si),  aluminium  (Al),  iron  (Fe),  magne- 
sium (Mg),  calcium  (Ca),  sodium  (Na),  potassium  (K),  hydrogen 
(H),  and  titanium  (Ti).  With  these  are  associated  in  still 
smaller  amounts,  or  in  traces,  zirconium  (Zr),  thorium  (Th), 
cerium  (Ce),  didymium  (Di),  lanthanum  (La),  phosphorus  (P), 
vanadium  (V),  fluorine  (F),  chlorine  (01),  sulphur  (S),  carbon 
(C),  boron  (B),  nitrogen  (N),  chromium  (Cr),  manganese  (Mn), 
nickel  (Ni),  cobalt  (Co),  barium  (Ba),  strontium  (Sr),  glucinum 
(Gl),  lithium  (Li),  caesium  (Cs),  rubidium  (Rb),  yttrium  (Y)# 
and  other  members  of  this  group  of  elements,  uranium  (U), 
columbium  (Cb),  tantalum  (Ta).  Besides  these  are  sometimes 
found:  tin  (Sn),  lead  (Pb),  copper  (Cu),  silver  (Ag),  gold  (Au), 
zinc  (Zn),  bismuth  (Bi),  antimony  (Sb),  arsenic  (As).  In  fact 
it  is  to  be  expected  that  most  all  elements  may  be  found  some- 
where in  igneous  rocks,  and  in  such  a  manner  as  to  appear  to 
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have  been  a  constituent  of  the  molten  magma.  It  is  to  be 
observed,  however,  that  most  rock  analyses  do  not  take  notice 
of  most  of  the  elements  that  have  just  been  mentioned.  Their 
presence  in  rocks  is  often  inferred  from  that  of  rare  minerals  in 
which  they  are  known  to  occur.  Or  as  already  said,  they  may 
occur  in  minerab  in  coarse-grained  pegmatites. 

The  one  element  that  is  universally  present  in  notable  amounts 
in  igneous  rocks  as  at  present  known  is  oxygen.  All  the  others 
may  be  in  some  varieties  of  rocks  reduced  to  mere  traces,  but 
in  the  vast  majority  of  igneous  rocks  there  are  notable  amounts 
of  oxygen,  silicon,  aluminium,  iron,  magnesium,  calcium,  sodium, 
potassium,  with  smaller  but  measurable  amounts  of  hydrogen, 
titanium,  and  phosphorus. 

Chemical  Constituents.  —  These  are  recorded  in  statements  of 
analyses  as  oxides:  SiO„  TiO„  A1,0„  Fefi^,  FeO,  MgO,  CaO, 
Na^O,  KjO,  HjO,  PjO,;  and  in  the  discussion  which  follows  and 
frequently  throughout  the  book  the  chemical  components  of 
rocks  or  of  liquid  magmas  will  be  referred  to  as  oxides,  though 
they  may  also  be  spoken  of  as  simple  elements  or  as  more  or  less 
complex  compounds,  chiefly  silicates. 

A  glance  at  the  thousands  of  analyses  of  igneous  rocks  will 
impress  one  with  the  fact  that  there  is  the  greatest  variation  in 
the  proportions  of  the  chemical  constituents,  and  that  there  are 
scarcely  two  analyses  exactly  alike,  though  many  resemble  one 
another  closely.  Furthermore,  it  appears  that  with  the  excep- 
tion of  a  very  few  cases  there  are  no  simple,  or  definite,  stoichio- 
metric proportions  between  the  components.  In  other  words, 
an  analysis  does  not  represent  a  single  chemical  compound,  but  a 
mixture  of  two  or  more  compounds. 

Representative  Analyses.  —  Without  attempting  to  illustrate 
the  variability  of  composition  of  igneous  rocks  by  the  intro- 
duction in  this  place  of  a  great  number  of  chemical  analyses, 
which  may  be  found  in  the  publications  already  mentioned,  it 
may  be  well  to  cite  a  few  that  represent  some  of  the  possible 
cases.  They  are  shown  in  the  accompanying  table  and  illustrate 
some  of  the  extremes  and  intermediate  cases. 
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1.  Alaskoee  (I,  3,  1,  3)  rhyolite,  Montgomery  Co.,  N.  C.     W.  T.^  p.  126. 

2.  Magdeburgose  (I,  3,  1,  2)  granite,  Pike's  Peak,  Colo.     W.  T.  p.  124. 

3.  Tuolumnose  (I,  5,  1,  5)  syenite,  Tuolumne  Co.,  Cal.    W.  T.  p.  198. 

4.  Nordmarkose  (I,  5,  1,  4)  pulaskite,  Farris,  Norway.     W.  T.  p.  196. 

5.  Nordmarkose  (I,  5,  1,  4)  litchfieldite,  Litchfield,  Me.     W.  T.  p.  194. 

6.  Beemerose  (I,  6, 1,  3)  nephelite-syenite,  Beemereville,  N.  J.   W.  T.  p.  206. 

7.  Labradorose  (I,  5,  4,  3)  anorthosite,  Carlton  Peak,  Minn.     W.  T.  p.  204- 

8.  Urtose  (11,  9,  1,  4)  urtite.  Kola,  Finland.    W.  T.  p.  306. 

9.  Uralose  (1, 11, 2,  5, 1,  3)  corundum-pegmatite,  Ilmen  Mountains,  Siberia. 
W.  T.  p.  216. 

10.  Kyschtymase  (I,  III,  1,  5,  5)  kyschtymite,  Ural  Mountains,  Siberia. 
W.  T.  p.  216. 

11.  Varingose  (II,  3, 1,  3)  grorudite,  Varingskollen,  Norway.     W.  T.  p.  218. 

12.  Rockallose  (III,  3,  1,  5)  rockallitQ,  Rockall  Island,  North  Atlantic. 
W.  T.  p.  310. 

13.  Pantellerose  (II,  4, 1,  4)  pantellerite,  Pantelleria.     W.  T.  p.  220. 

14.  Harzose  (II,  4,  3,  3)  granite,  Butte,  Mont.     W.  T.  p.  228. 

15.  Tonalose  (II,  4,  3,  4)  average  igneous  rock.  United  States.     W.  T.  p.  230. 

16.  Tonalose  (II,  4,  3,  4)  andesite,  Madison  Co.,  Mont.     W.  T.  p.  233. 

17.  Placerose  (II,  4,  3,  5)  mica-diorite,  Mazaruni  District,  British  Guiana. 
W.  T.  p.  244. 

18.  Orendose  (III,  5,  1, 1)  orendite,  Leucite  Hills,  Wyo.     W.  T.  p.  312. 

19.  Andose  (II,  5,  3,  4)  basalt,  Kilauea,  Hawaii.     W.  T.  p.  282. 

20.  (lU,  6,  4,  3)  ariegite,  Lherz,  Pyrenees,  France.     W.  T.  p.  346. 

21.  (V,  I,  1,   1,  1,  1,  1),  enstatite-pyroxenite.  Central  Marico  District, 
Transvaal.     W.  T.  p.  366. 

22.  Websterose  (V,  1, 1,  1,  1,  2, 1)  websterite,  Hebbville,  Md.    W.  T.  p.  366. 

23.  Brandbeigose  (IV,  2,  1,  1,  3,  2)  pyroxenite,  Brandberget,  Norway. 
W.  T.  p.  358. 

24.  Dimose  (V,  1, 5, 1, 1, 1)  peridotite.  Olivine  Range,  New  Zealand.    W.  T. 
p.  368. 

25.  Paulose  (IV,  2,  2, 1, 3, 2)  jacupirangite,  Sao  Paulo,  Brazil.    W.  T.  p.  360. 

26.  Permose  (V,  2,  5,  1,  1,  2)  dunite  sid^ronitique,  Koswinsky,  Ural  Moun- 
tains.    Recherches  g^l.  et  p^trogr.  sur  L'oural  du  Nord,  Geneve,  1902,  p.  128. 

27.  (V,  3,  4,  1, 1,  2)  iron  ore,  Tabei^g,  Sweden.    School  of  Mines  Quarterly, 
xxi,  p.  60. 

28.  Adirondackiase  (IV,  4,  2, 1,  1,  4)  titaniferous  iron  ore,  Essex  Co.,  N.  Y. 
W.  T.  p.  364. 

29.  (V,  5,  2, 1, 1, 4)  magnetite-spinellite,  Routivaara,  Finland.  W.  T.  p.  368. 

30.  (V,  5,  2,  1, 1,  5)  iron  ore,  Sanford,  N.  Y.      School  of  Mines  Quarterly, 
zx,  p.  344. 

^  Washington's  Tables  of  chemical  analyses. 
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8  CHEMICAL  COMPOSITION  OF  IGNEOUS  ROCKS 

DIAGRAMMATIC  PRESENTATION  OF  CHEMICAL  DATA 

There  are  facts  to  be  brought  out  in  the  discussion  of  these 
chemical  data  which  necessitate  the  assembling  of  large  numbers 
of  analyses,  and  which  may  be  accomplished  most  effectively  by 
diagrammatic  methods.  The  facts  to  be  noted  in  addition  to  the 
variableness  of  proportions  are  the  range  and  limits  of  variation 
among  the  chemical  constituents  and  the  absence  of  special 
grouping,  clustering,  or  of  the  preponderance  of  particular  mix- 
tures of  compounds  in  any  part  of  the  range  of  possibilities. 

Various  methods  of  expressing  the  proportions  of  chemical 
elements  or  components  in  igneous  rocks  by  diagrams  have  been 
employed  by  petrographers  at  different  times  and  for  various 
specific  purposes.  In  some  cases  the  expressions  have  been  of  a 
general  nature,  representing  averages  of  rock  analyses;  in  others 
a  single  diagram  represents  a  single  analysis.  In  some  the  com- 
ponents have  been  compared  in  groups;  in  others  they  are  dealt 
with  separately.  A  brief  description  of  the  different  methods 
may  be  found  in  Professional  Paper,  No.  18,  of  the  U.  S.  Geologi- 
cal Survey,^  and  the  principal  references  are  given  below.* 

*  Iddings,  J.  P.  Chemical  Composition  of  Igneous  Rocks  Expressed  by 
Means  of  Diagrams,  etc.  Prof.  Paper,  No.  18,  U.  S.  Geological  Survey, 
1903,  pp.  10-16. 

'  Von  Waltershausen,  W.  S.  Uber  die  Vulkanischen  Gesteine  in  Sicilien 
u.  Island,  etc.     GSttingen,  1853. 

Reyer,  E.  Beitrag  zur  Fusik  der  Eruptionen,  Vienna,  1877,  and  Theo- 
retische  Geologic,  Stuttgart,  1888. 

Judd,  J.  W.     Volcanoes.   New  York,  1881,  p.  322,  Fig.  88. 

Iddings,  J.  P.  Bull.  Philos.  Soc.  Washington,  Vol.  11,  January,  1890, 
pp.  207  and  211;  also  Twelfth  Ann.  Rept.  U.  S.  Geological  Survey,  1892, 
pp.  629  and  649;  Mon.  U.  S.  Geological  Survey,  vol.  32,  pt.  2,  pp.  119  and 
136;  Bull.  Philos.  Soc.  Washington,  vol.  12,  June,  1892;  Jour.  Geol.,  vol.  1, 
1893,  p.  173;  Jour.  Geol.,  vol.  6,  1898,  pp.  92-111,  219-237. 

Dakyns,  J.  R.,  and  Teall,  J.  J.  H.  Quar.  Jour.  Geol.  Soc,  London,  vol.  48, 
1892,  p.  116. 

Washington,  H.  S.  Jour.  Geol.,  vol.  3,  1895,  p.  160;  and  Bull.  Geol. 
Soc.  America,  vol.  11,  1900,  p.  404;  also  ibid.^  p.  651. 

Cross,  W.  Seventeenth  Ann.  Rept.  U.  S.  Geological  Survey,  pt.  2,  1896, 
p.  324. 

Harker,  A.  Quar.  Jour.  Geol.  Soc,  London,  vol.  51,  1895,  p.  146;  and 
Jour.  Geol.,  vol.  8,  1900,  pp.  389-399. 

Loewinson-Lessing,  F.  Compte  rendu  Congr^  G^l.  Intern.  7^  session, 
St.  Petersbourg,  1899,  Pis.  I,  II,  III. 

Pirsson,  L.  V.  Twentieth  Ann.  Rept.  U.  S.  Geological  Survey,  pt.  3, 1900, 
p.  568  et  8eq. 

L6vy,  A.  M.    Bull.  Serv.  Carte  g6ol.,  France,  vol.  9,  No.  57,  1897,  p.  38, 
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First  Tjrpe  of  Diagrams.  —  Several  types  of  diagrams  are 
described  below  in  considerable  detail  because  of  their  somewhat 
general  use  by  different  petrographers,  or  on  account  of  their 
importance  in  aiding  the  discussions  which  are  to  be  found  in 
this  book. 


Fe,0 


^Si  0,0.038 


1.154 


SiO. 


Fig.  1.    Molecular  Variation  in  Components  of  Igneous  Rocks  at 

Electric  Peak,  Y.  N.  P. 

Among  the  earlier  diagrams  one  type  is  that  which  was  used 
to  exhibit  by   means  of   crooked   lines   the   variations  in  th^ 

and  Pis.  VII,  VIII;  also  Bull.  Sec.  gfel.,  France,  3d  series,  vol.  25,  1897, 
Pis.  X  to  XV;  and  idem,  vol.  26,  1898,  Pis.  Ill  to  VI. 

Becke,  F.    Tscher.  min.  petr.  Mitth.,  vol.  16,  1897,  pp.  315-320. 

Lacroix,  A.  Compte  rendu  Congi^s  G^l.  Intern.  8«  session,  Pari8,1901, 
Part  II,  pp.  834, 835;  and  Nouv.  Arch.  Museum  Hist.  Nat.,  4th  series,  I,  Paris, 
1902,  p.  180  et  seq. 

Br6gger,  W.  C.  Die  Eruptivgesteine  des  Kristianiagebietes,  III.  Videns- 
kabsselskabets  Schrifter,  I,  Math.-Naturv.  Kl.,  1897,  No.  6,  Christiania, 
1898. 

Hobbs,  W.  H.     Jour.  Geol.,  vol.  8,  1900,  pp.  1-31. 

Hackman,  V.    Bull.  Com.  G^l.,  Finlande,  vol.  11,  Helsingfors,  1900. 

Rosenbusch,  H.    Elemente  der  Gesteinslehre,  Stuttgart,  1898. 

Miigge,  O.  Neues  Jahrb.  Min.  Geol.  und  Pal.,  1900,  vol.  1,  pp.  100-112» 
Pis.  V-VII. 

Osann,  A.  Tscher.  min.  petr.  Mitth.,  vol.  19,  1900,  Pis.  IV-VIII,  XXV; 
vol.  20,  1901,  Pis.  VIII-XIV. 

Graton,  L.  C.     U.  S.  Geological  Survey,  Prof.  Paper,  54,  1906,  p.  112. 


10 


CHEMICAL  COMPOSITION   OF  IGNEOUS  ROCKS 


chemical  components  of  the  igneous  rocks  at  Electric  Peak, 
Yellowstone  National  Park.*  It  is  shown  in  Fig.  1.  The  chem- 
ical constituents  of  each  rock  analyzed,  expressed  as  oxides  in 
molecular  proportions,  are  compared  by  means  of  rectangular 
coordinates.  The  silica  in  each  analysis  is  plotted  as  an  abscissa, 
the  remaining  oxides  in  each  analysis  being  plotted  on  one 
vertical  ordinate  located  by  the  silica  abscissas.  The  constitu- 
ents of  each  rock  are  therefore  represented  by  distances  on  a 
vertical  line  and  by  the  distance  apart  of  these  lines.  By  con- 
necting all  the  points  corresponding  to  one  kind  of  oxide,  such 


Fig.  2.  Differentiation  Diagram  of  Little  Belt  Mountain  Rocks. 
abed,  Analyses  of  Yogo  Peak  Rocks;  yxvtsprz,  Analyses 
OF  Neighboring  Bodies  of  Rocks. 


as  AljO,,  there  is  obtained  a  line  which  indicates  clearly  the 
variations  in  each  of  these  constituent  oxides  in  passing  from 
one  rock  to  another  within  the  group  of  rocks  under  consideration. 
This  form  of  diagram  has  been  employed  by  a  number  of  petrog- 
raphers  to  indicate  the  variations  in  igneous  rocks  found  by 
chemical  analysis.  But  Marker  has  used  a  similar  diagram  to 
discuss  the  possibility  of  distinguishing  igneous  rock  series  from 

»  Iddings,  J.   P.     Twelfth   Ann.  Rept.  U.   S.   Geological   Survey,   1892, 
p.  629,  and  elsewhere. 
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mixed  igneous  rocks.*  And  Pirason  has  employed  a  slightly 
modified  form  of  it,  which  is  shown  in  Fig.  2.  In  this  the 
abscissas  represent  distances  in  one  rock  body  between  the  vari- 
ous portions  of  it  analyzed,  the  silica  being  plotted  on  the 
same  vertical  ordinate  as  the  other  components.'  By  this  modi- 
fication of  the  diagram  he  showed  that  the  variations  in  the 
chemical  composition  in  such  a  rock  body  as  that  at  Yogo  Peak, 
lines  a,  6,  c,  d,  follow  very  regular  laws,  and  with  one  or  two  con- 
stituents determined  in  certain  varieties  of  the  rock  mass  the 
remaining  constituents  may  be  found  by  means  of  the  diagram. 
He  also  showed  that  varieties  of  the  rock  intermediate  between 
those  analyzed  could  be  estimated  from  the  diagram,  and  in  fact 


that  the  composition  of  the  igneous  rocks  of  the  immediate 

vicinity,  Little  Belt  Mountains,  could  be  expressed  by  ordinates 

in  the  diagram,  as  indicated  by  the  lines  r,  p,  s,  tj  v,  x,  y,  z.     In 

»  Barker,  A.     Jour.  Geol.,  vol.  8,  1900,  pp.  389-399. 
*  Pireson,  L.  V.     Twentieth  Ann.  Rept.  U.  S.  Geological  Survey,  pt.  3, 
1900,  p.  571. 
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this  manner  he  proved  that  the  igneous  rocks  of  that  region  bear 
a  very  simple  chemical  relation  to  one  another. 

Second  Type  of  Diagrams.  —  This  consists  of  spots,  one  for  each  analysis, 
so  arranged  that  their  location  with  reference  to  coordinate  axes  indicates 
the  relative  proportions  of  certain  constituents  or  groups  of  constituents. 
This  was  first  used  by  F.  Becke  *  in  discussing  the  composition  of  the  rocks 
of  the  Columbretes,  and  the  spots  were  referred  to  three  axes  in  one  plane. 
The  simplest  arrangement  of  axes  is  given  by  three  lines  bisecting  the  sides 
of  an  isosceles  triangle,  Fig.  3,  or  of  an  equilateral  triangle.  The  zero  point 
is  at  the  center  of  the  triangle,  and  the  k  axis  extends  from  this  to  the  K 
angle;  the  n  axis,  from  the  center  to  the  N  angle.  The  three  constituents 
compared  with  one  another  in  this  diagram  are  Ca,  Na,  and  K.  The  values 
of  A;  and  n  are  given  by  the  equations: 

K  -  Ca  Na  +  Ca 


n  — 


Ca  +  Na  +  K'  "  Ca-fNa+K 
In  addition  to  this  triangular  diagram,  Becke  employed  another  in  which  spots 
representing  other  constituents  are  located  with  reference  to  two  coordinate 
axes,  Fig.  4.    The  plane  of  the  second  diagram  is  perpendicular  to  that  of 
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Fig.  4. 

the  first,  and  intersects  the  first  along  one  of  the  median  lines  of  the  equi- 
lateral triangle,  the  Ca  line  in  the  diagram  used  by  Becke.  The  normal  pro- 
jections upon  this  line  of  the  spots  within  the  triangle  give  the  loci  of  ordinates 

in  the  second  plane  on  which  the  constituents,  Si,  Al,  Fe,  Mg,  are  plotted. 

Ca 
The  abscissas  on  the  Ca  line  are  therefore  7^ — -^r^^ — —^  in  each  case. 

Ca  +  Na  -f  K 

The  triangular  diagram  is  also  used  by  Osann'  to  locate  the  analyses  of 

^  Becke,  F.    Tscher.  min.  pet.  Mitth.,  vol.  16,  1897,  pp.  315-320. 
»  Osann,  A.     Ibid,,  vol.  19,  1900,  Pis.  IV- VIII;  and  vol.  20,  1901,  Pis. 
VIII-XIII. 
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rocks  with  reepect  to  the  following  factors  which  may  be  derived  from  the 
analyses:  A)  the  K3O  and  NajO  which  may  be  combined  with  A1,0,  in  equal 
molecular  amounts;  C)  the  CaO  which  may  be  combined  with  the  remaining 
AI3O3  in  equal  amounts;  F)  the  sum  of  the  remaining  GaO,  with  MgO  and 
FeO.  The  sum  of  the  three  factors  A,  C,  and  F,  is  in  each  case  reduced  to 
20,  and  the  factors  plotted  on  this  basis. 

A  somewhat  similar  type  of  diagram  in  which  analyses  are 
represented  by  spots  arranged  with  reference  to  two  coordinate 
axes  was  used  by  the  author  in  discussing  the  composition  of 
igneous  rocks.*  In  this  diagram,  Fig.  5,  which  is  also  shown 
in  the  left-hand  corner  of  Plate  I,  and  is  used  on  Plate  III,  the 
abscissas  are  percentages  of  silica,  the  zero  point  being  at  the 
right,  and  the  ordinates  are  the  ratios  obtained  by  dividing  the 
I      I      I      I      I      ''»■     I      I     I     I      I     I      I      I      I      I      I      I 

100  M   to   <5   80   75   TO   65   80   65   60   iS   M   S6   30   M   20   16   10    6    0 


O^,  ft*^-  ri* 


■  ■  • 


FiG.  5. 

sum  of  the  molecular  proportions  of  the  alkalies,  K^O  and  Na^O, 

by   that   of   silica.     The    analyses    are   thus    distributed    with 

reference  to  the  silica  and  the  alkalies.     This  form  of  diagram 

is  employed  in  Plates  I,  II,  III,  and  is  discussed  on  page  19. 

A  modification  of  this  diagram  was  used  by  Michel-L^vy,  who  introduced  a 
third  axis  of  reference,  and  plotted  the  spots,  or  analyses,  with  reference  to 
(x)  the  silica  percentages  in  the  white  component  minerals;  (y)  the  sum  of 
the  percentages  of  KgO,  Na,0,  and  CaO  which  may  enter  feldspars  combined 

»  Iddings,  J.  P.    Jour.  GeoL,  vol.  6,  1898,  pp.  92-111,  219-237. 
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with  AI2O3;    (2)  the  sum  of  the  percentages  of  MgO,  FeO,  Fe,0„  CaO,  and 
SiOj  in  the  ferromagnesian  components  of  the  rocks.^ 

Third  Type  of  Diagrams.  —  This  expresses  by  the  shape  of 
a  geometrical  figure  the  relative  proportions  of  the  chemical 
constituents  in  a  single  rock  analysis.  Several  methods  of  con- 
struction have  been  devised.  That  by  Michel-L^vy^  is  shown 
in  Fig.  6. 


Fig.  6. 

The  component  oxides  are  first  distributed  into  two  groups,  those  that 
may  combine  with  AI2O3  to  form  feldspars,  and  those  that  may  not.  The 
plotting  of  the  components  will  be  understood  from  the  following  statement, 
X  being  the  abscissas  and  y  the  ordinatcs,  whose  zero  point  is  at  the  inter- 
section of  the  two  axes  x,  y : 

—  y kf  potash  involving  an  equal  amount  of  alumina. 

-f  X fly  soda  which  may  be  combined  with  the  remaining  alumina  in 

equal  amounts. 

—  X «',  soda  which  may  be  in  excess  of  the  available  alumina. 

(Tliis  is  plotted  as  a  line  extending  from  the  y  axis,  above  the  rest  of  the 

figure.) 

+  y r,  lime  that  may  be  combined  with  alumina  in  equal  amounts 

after  the  alkalies  are  satisfied. 

—  X r',  lime  in  excess  of  that  combined  with  alumina. 

-f  y w,  magnesia. 

—  y /,  iron  oxide,  both  ferrous  and  ferric. 

+  X a,  alumina  that  may  be  in  excess  of  that  required  to  satisfy  the 

alkalies  and  lime  m  /:,  71,  and  c. 
8f  silica,  expressed  by  numerals  at  one  side  of  the  diagram. 

The  extremities  of  the  lines  k  and  n  are  connected  by  a  straight  line,  also 
the  extremities  of  n  and  c,  of  /  and  c',  m  and  c',  or  of  a  and  /,  a  and  m. 

'  Michel-L6vy,  A.     Bull.  Soc.  g^l.,  France,  vol.  26,  1898,  Pis.  Ill  to  VI. 
'  Michel-L^vy,  A.     Ibid.,  vol.  25,  1897,  p.  344. 
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axes  in  one  plane  intersecting  in  a  common  zero  point  and  making  equal 
angles  with  one  another,  one  being  vertical,  another  horizontal,  and  the 
others  at  45  degrees  to  these.  The  silica  is  represented  by  an  octagon  con« 
structed  by  plotting  one-eighth  of  the  total  silica  plus  and  minus  on  each  of 
the  axes  and  connecting  the  extremities  of  these  lines.  The  other  com- 
ponents are  plotted  outside  this  area  on  particular  axes  by  adding  their 
values  to  that  of  the  silica  already  plotted.  The  distribution  of  the  several 
oxides  is  indicated  by  the  symbols  in  Fig.  8.    Alimiina  is  divided  into  three 
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Fig.  8. 

parts,  when  there  is  sufficient;  one  equal  to  Kfi  is  plotted  to  the  left  on 
the  horizontal  axis;  a  second  equal  to  Na^O  is  plotted  upward  on  the  ver- 
tical axis,  and  the  remainder  is  plotted  to  the  right  on  the  horizontal  axis. 
When  there  is  less  Al,Oj  than  K,0  +  Na^O,  enough  Fe^Oj  is  added  to  Al^O, 
upward  on  the  vertical  axis  to  equal  Na,0.  In  this  manner  the  relative 
amounts  of  potash-alumina  molecules,  soda-alumina  molecules,  and  lime- 
alumina  molecules  are  indicated. 

Fourth  T]rpe  of  Diagrams.  —  In  order  to  present  the  essential 
features  of  the  data  contained  in  all  varieties  of  rock  analyses 
the  author  has  employed  a  compound  diagram  consisting  of  an 
assemblage  of  individual  diagrams  representing  the  relative 
molecular  proportions  of  the  principal  chemical  constituents  in 
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nearly  a  thousand  different  rocks.*  The  individual  diagram  is  a 
modification  of  those  devised  by  Michel-L^vy  and  by  Brtigger. 
These  are  arranged  in  an  orderly  manner  for  comparison  with  one 
another.     Plates  I  and  II. 

The  small  individual  diagram  exhibits  the  relative  molecular 
amounts  of  the  chief  oxides  in  the  analyses  of  igneous  rocks: 
AljOg,  Fe^OjH-  FeO,  MgO,  CaO,  Na,0,  K^O,  and  TiO,;  the  silica 
being  expreassed  by  the  position  of  the  small  diagram  within  the 
larger  one.  The  comparison  is  made  on  a  basis  of  the  relative 
number  of  molecules  rather  than  of  percentage  weights,  because 
the  molecule  is  the  unit  of  comparison  and  of  expression  in  the 
discussion  of  mineral  compositions.  It  is  readily  found  in  any 
case  by  dividing  the  percentage  weight  of  each  oxide  by  its 
molecular  weight.  In  the  table  of  rock  analyses  already  given 
the  molecular  proportions  are  stated  for  each  oxide  in  addition 
to  the  percentage  weights.  The  same  is  true  for  the  rock 
analyses  in  the  tables  prepared  by  Washington. 

For  purposes  of  comparison  in  diagrams  of  this  type  it  is  not 
necessary  to  reduce  the  original  analysis  to  a  sum  of  exactly  100, 
for  the  diagrams  are  too  small  to  permit  the  correction  to  be 
visible,  and  since  the  several  elements  in  the  diagram  would  be 
affected  in  like  proportions,  the  shape  and  character  of  the 
diagram  would  not  be  appreciably  affected. 

The  small  individual  diagram  is  constructed  by  plotting  the 
molecular  proportions  of  the  components  on  coordinate  axes 
that  intersect  at  a  common  zero  point,  Fig.  9.  For  conven- 
ience in  drawing  on  square-ruled  paper,  the  axes  are  selected 
in  vertical  and  horizontal  positions,  and  at  45  degrees  to  these. 
The  approximate  relation  between  the  sides  and  hypothenuse 
of  a  45-degree  right-angled  triangle,  namely,  that  when  the 
hypothenuse  is  10  units  the  sides  are  7  units  each  (7.071),  permits 
the  values  to  be  readily  plotted.  The  mode  of  construction  is 
as  follows:  AljO,  is  plotted  vertically  above  the  zero  point; 
K,0,  upward  to  the  left  on  one  inclined  axis;  Na^O,  upward  to  the 
right  on  the  other  inclined  axis;  CaO  is  plotted  downward  on  the 
vertical  axis;  MgO,  downward  to  the  right;  2  FejOj-f  FeO,  down- 
ward on  the  left;  and  TiO,,  when  present  in  appreciable  amount, 
is  plotted  to  the  left  on  the  horizontal  axis.     The  end  of  the 

»  Iddings,  J.  P.     Prof.  Paper,  No.  18,  U.  S.  Geological  Survey,  1903. 
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AljOj  ordinate  is  connected  by  lines  with  the  ends  of  the  K^O 
and  NajO  ordinates;  the  end  of  the  CaO  ordinate  is  connected 
with  the  ends  of  the  MgO  and  FeO  ordinates.  When  TiO,  is 
represented,  the  end  of  its  ordinate  is  connected  with  that  of  the 
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FeO  ordinate.  The  FeO  and  Fe^Os  are  combined  after  Fe^O, 
has  been  reduced  to  FeO  molecules  by  multiplying  the  number 
of  FCjOg  molecules  by  2. 

The  two  triangles  on  opposite  sides  of  the  vertical  axes,  having 
like  angles  of  45  degrees  and  a  common  side,  have  areas  that  are 
proportional  to  the  coordinates  on  the  inclined  axes.  That  is, 
the  areas  of  the  two  triangles  on  opposite  sides  of  the  AljOa 
ordinate  are  proportional  to  the  ordinates  K^O  and  NazO,  and 
the  areas  of  those  on  opposite  sides  of  the  CaO  ordinate  are  pro- 
portional to  the  FeO  +  2  Fefi^  and  MgO  ordinates.  So  that 
the  relative  impressions  produced  by  these  pairs  of  triangles  are 
quantitatively  the  same  as  the  relations  between  the  molecular 
proportions  of  KjO  and  NajO  on  one  hand,  and  of  FeO  +  2  Fe^O, 
and  MgO  on  the  other. 

As  already  stated,  the  SiO^  is  not  expressed  in  the  shape  of  the 
small  individual  diagram,  but  is  indicated  by  the  position  of  each 
small  diagram  in  the  large  composite  one.  In  this  the  horizontal 
axis  is  that  of  the  SiO,  with  the  zero  point  at  the  right,  and 
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100  per  cent  at  the  left-hand  end  of  the  diagram.  The  per- 
centage weights  of  SiOj  are  here  used,  as  one  object  of  the  large 
diagram  is  to  distribute  the  analyses  with  reference  to  silica  so 
that  those  having  like  silica  shall  occur  together,  since  silicon 
is  the  most  abundant  chemical  element  in  most  instances,  and 
is  a  dominant  factor  in  controlling  the  development  of  such 
minerals  as  quartz,  orthoclase,  albite,  leucite,  or  nephelite, 
orthorhombic  pyroxene,  or  olivine.  But  the  vertical  coordinates 
used  in  plotting  the  individual  diagrams,  indicating  the  alkalic 
character  of  the  rock,  represent  ratios  between  the  sum  of  the 
molecular  proportions  of  the  alkalies,  K^O  and  Na^O,  and  those 
of  SiO,.  The  alkalies  were  chosen  as  a  second  basis  of  compari- 
son because  of  their  important  r61e  in  conditioning  the  character 
of  the  feldspathic  minerals  in  rocks,  and  the  fact  that  the  lime, 
iron  oxide  and  magnesia  sustain  to  a  considerable  extent  a 
reciprocal  relation  to  the  alkalies  and  silica,  since  the  greater  the 
silica  and  alkalies  in  general  in  a  rock,  the  less  the  lime,  magnesia 
and  iron  oxide. 

DIAGRAMS  OF  CHEMICAL  ANALYSES  OF  IGNEOUS  ROCKS 

In  the  composite  diagram.  Plates  I  and  II,  978  analyses  of 
igneous  rocks  have  been  plotted.  They  represent  all  of  the  vari- 
eties of  such  rocks  that  had  been  analyzed  at  the  time  the  dia- 
gram was  constructed,  1902,  but  not  all  of  the  reliable  analyses, 
for  the  reason  that  greater  numbers  of  individual  diagrams  would 
have  caused  too  great  an  overlapping  of  small  figures.  Those 
omitted  occur  in  the  central  portion  of  the  large  diagram,  which 
consequently  does  not  strictly  represent  the  proper  proportions 
between  the  commoner  and  rarer  varieties  of  rocks.  This  is 
shown  more  correctly  in  the  diagram  on  Plate  III,  in  which  the 
black  spots  represent  the  loci  of  2433  analyses  plotted  with 
reference  to  the  silica  and  alkali-silica  ratio  in  the  same  manner 
as  that  employed  in  locating  the  individual  diagrams  in  the 
composite  diagram  on  Plate  I.  A  list  of  the  analyses  used  in 
the  diagram  on  Plates  I  and  II  is  given  in  the  paper  on  the 
chemical  composition  of  Igneous  Rocks  already  cited.*  Those 
used  in  preparing  the  diagram  on  Plate  III  are  the  same  as  those 

*  Professional  Paper,  No.  18,  U.  S.  Geological  Survey,  Washington,  1903, 
pp.  23-62. 
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in  the  previous  plates  with  the  addition  of  all  other  analyses 
contained  in  Part  I  of  Washington's  Tables,  besides  the  "  Supe- 
rior Analyses  of  Igneous  Rocks"  from  Roth's  Tables,*  and 
analyses  from  various  other  sources  published  since  1900. 

A  study  of  the  small  individual  diagrams  assembled  on  Plate  I 
will  convince  one  of  the  variability  in  the  proportions  of  the 
chief  chemical  constituents  in  igneous  rocks.  No  two  anal3rse3 
agree  exactly  in  this  respect.  There  is,  however,  a  certain 
degree  of  order  in  the  variations,  which  is  shown  by  the  similarity 
of  neighboring  diagrams,  and  by  the  fact  that  those  near  the 
left-hand  end  of  the  large  diagram,  and  those  near  the  upper 
limit  of  it,  are  characterized  by  relatively  high  alkalies  and 
alumina,  and  low  lime,  iron  and  magnesia;  while  the  diagrams 
near  the  lower  limit  of  the  large  diagram  exhibit  the  opposite 
relations.  The  distribution  of  different  sorts  of  diagrams, 
however,  is  not  in  any  simple  manner,  owing  to  the  fact  that 
there  are  more  variables  than  can  be  referred  to  two  coordinate 
axes. 

Some  general  conclusions  may  be  deduced  from  the  diagram; 
among  them  the  most  obvious  are:  that  the  rocks  with  highest 
silica  are  lowest  in  all  other  constituents,  which  accords  wnth 
the  fact  that  igneous  rocks  grade  into  purely  quartz  rocks,  as 
in  certain  pegmatites;  the  more  siliceous  rocks  contain  more 
alkalies  and  alumina  than  other  constituents,  which  accords  with 
the  fact  that  the  more  quartzose  rocks  consist  mostly  of  alkalic 
feldspars;  furthermore,  these  rocks  grade  into  others  composed 
chiefly  of  alkalies  and  alumina  with  moderate  to  low  silica, 
which  correspond  to  rocks  composed  of  alkalic  feldspars  alone 
or  with  nephelite  and  leucite.  The  limits  of  variation  along 
these  lines,  the  upper  limits  of  the  large  diagram,  are  rocks 
composed  wholly,  or  almost  completely,  of  alkalic  feldspars,  and 
those  wholly  nephelite.  A  purely  leucite  rock  has  not  yet  been 
found.  It  is  also  evident  from  the  diagram  that  rocks  com- 
posed of  any  of  the  alkalic  aluminous  constituents  just  mentioned 
grade  into  others  with  increasing  proportions  of  lime,  magnesia 
and  iron  oxide  until  varieties  are  reached  without  alkalies  or 
alumina,  or  with  very  small  amounts  of  these  constituents. 
Such  rocks  consist  of  pyroxene,  alone  or  with  olivine  and  mag- 

»  Washington,  H.  S.,  Professional  Paper,  No.  28,  U.  S.  Geological  Survey,  1904. 
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netite,  or  consist  solely  of  olivine,  or  even  of  titaniferous  mag- 
netite. Rocks  between  these  extremes  are  the  vast  majority, 
and  consist  of  various  minerals,  among  which  limensoda-feldspars 
are  the  most  abundant,  and  form  the  limits  of  variations,  which 
are  not  clearly  indicated  in  the  large  diagram.  Some  of  the 
extremes  of  variability,  as  well  as  the  chemical  average  of  all 
igneous  rocks,  are  illustrated  by  the  accompanying  diagrams, 
Fig.  10,  which  represent  eleven  of  the  analyses  given  on  pages 
6  and  7.  Other  deductions  which  may  be  drawn  from  a 
consideration  of  these  diagrams  will  be  discussed  in  other 
connections. 


40.78 


50.71 


4fi.06 


Fig.  10. 


79.57,  Alaskose  (ifayolite),  Montgomery  Co.,  N.  C,  anal.  1, 

67.53,  Tuolumnose  (albite-syenite),  Tuolumne  Co.,  Cal.,  anal.  3, 

67.48,  Pantellerose  (pantellerite),  Pantelleria,  anal.  13, 

59.71,  Tonalose  (average  igneous  rock).  United  States,  anal.  15, 

54.08,  Orendose  (orendite),  Leucite  Hills,  Wyo.,  anal.  18, 

49.78,  Labradoiose  (anorthoedte),  Carlton  Peak,  Minn.,  anal.  7, 

45.43,  Urtoee  (urtite),  Kola,  Finland,  anaJ.  8, 

45.05,  Brandbei^ose  (pj^roxenite),  Brandberget,  Norway,  anal.  23, 

42.39,  Dimose  (peridotite).  Olivine  Range,  New  Zealand,  anal.  24, 

38.58  (III,  6,  4,  3)  (ariegite),  Lherz,  Pyrenees,  France,  anal.  20, 

11.73,  Adirondackiase  (titaniferous  iron  ore),  Essex  Co.,  N.  Y.,  anal.  28. 

A  study  of  Plate  III  shows  the  absence  of  clustering  of  spots 
or  analyses  in  any  manner  that  would  suggest  a  grouping  of 
rocks  on  a  chemical  basis  into  distinguishable  classes  or  divisions. 
In  other  words,  no  "  natural  "  classification  of  igneous  rocks 
upon  a  chemical  basis  is  indicated  in  the  distribution  of  the  spots 
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or  analysis  in  the  diagram  with  respect  to  silica  and  the  alkalies. 
There  is  a  general  clustering  of  the  majority  of  the  spots  or  analy- 
ses in  a  broad  belt  extending  horizontally  through  the  lower 
middle  of  the  large  diagram  on  both  sides  of  the  location  of  the 
average  of  all  rock  analyses,  or  of  the  average  rock,  which  spots 
are  indicated  by  crosses,  and  occur  at  about  69.8  SiO,  and  8.7. 
This  corresponds  to  the  fact  that  rocks  of  extreme  chemical  or 
mineralogical  composition  are  rare,  and  that  most  igneous  rocks 
are  of  intermediate  composition  with  a  considerable  range  of  vari- 
ability within  more  restricted  limits  than  those  of  the  extremes. 
The  probable  explanation  of  these  facts  will  be  considered  in 
connection  with  a  discussion  of  the  origin  of  different  kinds  of 
igneous  rocks  and  the  possible  causes  of  chemical  variation 
among  them,  in  Chapter  VII. 

Having  called  attention  to  the  data  concerning  the  chemical 
components  of  igneous  rock,  their  chief  repositories,  and  some  of 
the  methods  by  which  they  may  be  presented  for  investigation, 
the  questions  naturally  arise:  How  are  these  chemical  compo- 
nents or  elements  combined  with  one  another  in  the  rocks,  and 
by  what  processes  have  they  attained  such  combinations?  The 
first  of  these  questions  will  be  answered  in  the  following  chapter 
on  the  chemical  composition  of  the  pyrogenetic  minerals;  the 
second  will  be  considered  in  succeeding  chapters,  on  the  possible 
constitution  of  molten  magmas  or  rock  liquids,  the  chemical 
reactions  capable  of  taking  place  within  them,  and  their  solidifi- 
cation into  crystals  or  glasses. 


CHAPTER  II 
CHEMICAL  COMPOSITION   OF  THE  PYROGENETIC  MINERALS 

In  considering  how  the  elements  found  in  igneous  rocks  are 
combined  with  one  another,  it  is  to  be  noted  that  in  a  great 
number  of  cases  such  rocks  are  composed  of  crystals  with  definite 
chemical  and  physical  characters,  while  some  contain  besides 
crystals  more  or  less  glass,  whose  composition  is  indefinite,  which 
may  be  looked  upon  as  a  rigid  solution  of  the  rock  constituents. 
The  possible  molecular  character  of  such  rigid  solutions  will  be 
discussed  in  a  subsequent  chapter.  The  chemical  character  of 
the  crystallized  components  of  igneous  rocks  is  the  subject  of 
the  present  one.  The  minerals  here  considered  are  those  which 
have  crystallized  from  the  rock  magma  or  liquid,  the  so-called 
pyrogenetic,  or  primary,  ones,  and  do  not  include  secondary 
minerals  produced  after  the  solidification  of  the  magma  by  any 
processes  of  alteration  or  metamorphism.  Since  in  some  cases  it 
is  not  yet  demonstrable  that  a  certain  mineral  was  formed  before, 
or  after,  the  solidification  of  the  magma,  there  may  be  found  in 
the  list  of  pyrogenetic  minerals  given  below  those  about  which 
there  may  be  reasonable  doubt.  Moreover,  there  are  minerals 
which  may  develop  as  pyrogenetic  minerals,  or  as  secondary 
ones,  and  also  others  concerning  whose  period  of  formation  there 
are  differences  of  opinion.  It  is  to  be  remarked  that  pegmatite 
veins  are  considered  to  be  intrusive  igneous  rocks;  the  reasons 
for  this  classification  are  to  be  found  in  Chapter  VII. 

In  discussing  the  chemical  composition  of  the  pyrogenetic 
minerals,  owing  to  the  great  number  of  them,  the  subject  may 
be  treated  in  various  ways.  And  since  it  is  desirable  to  pre- 
sent something  more  than  a  classified  list  of  these  minerals,  it 
will  be  necessary  to  arrange  them  in  groups  that  will  set  forth 
certain  chemical  facts  and  relationships.  It  is  important  also 
to  note  the  particular  compounds  or  minerals  into  which  each 
element  may  enter,  as  well  as  the  association  of  certain  elements 
with  one  another.  In  the  statement  of  these  data,  the  com- 
pounds or  minerals  that  are  the  most  abundant,  or  the  com- 
monest, and  those  that  are  less  abundant,  but  may  be  common, 

23 


24     CHEMICAL  COMPOSITION  OF  PYROGENETIC  MINERALS 

are  printed  in  the  larger  type^  while  those  that  are  occasionally 
developed  in  considerable  amounts,  and  those  that  are  rare  and 
seldom  met  with,  are  placed  in  the  smaller  type. 

Relative  Proportions  of  the  Chemical  Elements  in  Igneous 
Rocks.  —  A  study  of  large  collections  of  rock  analyses  shows 
that  while  there  is  a  considerable  range  of  variation  in  proportions, 
the  components  that  are  present  in  notable  amounts  are  nearly 
the  same  in  all  cases,  so  that  an  average  analysis  of  all  that  may 
be  found  in  any  large  collection  will  present  an  approximation 
at  least  to  the  relative  proportions  in  which  the  commoner  and 
more  abundant  chemical  elements  occur  in  igneous  rocks  taken 
as  a  whole.  Several  estimates  of  such  average  analyses  have 
been  made  from  time  to  time  by  Clarke,*  Harker,'  and  Wash- 
ington.'   The  results  agree  closely,  and  we  may  take  the  latest, 
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>  Clarke,  F.  W.  Bull.  Phil.  Soc,  Washington,  vol.  11,  1892,  pp.  131- 
142.  Also  Bull.  U.  S.  Geological  Survey,  No.  78,  1891,  p.  34;  Und.,  No.  148, 
1897,  p.  12 ;  ibid.,  No.  168,  1900,  p.  14.  Am.  Phil.  Soc.,  vol.  45,  1906,  p.  20 
of  reprint.     Also  U.  S.  Geological  Survey,  Bull.  330,  p.  26,  1908. 

'  Harker,  A.     Geol.  Mag.,  vol.  36,  1899,  p.  220. 

8  Washington,  H.  S.,  U.  S.  Geological  Survey,  Prof.  Paper,  No.  14,  1903, 
p.  108. 
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by  Clarke,  as  sufficiently  accurate  for  the  present  discussion.  It 
is  stated  in  column  I.  The  percentage  proportions  of  the  atoms  of 
the  principal  elements  are  given  in  II,  from  which  the  atomic 
proportions  of  these  elements  may  be  calculated  and  found  to  be 
as  in  III.  The  relative  importance  of  these  elements  depends 
upon  whether  they  are  compared  on  a  basis  of  atomic  proportions 
or  by  percentage  mass.  It  is  to  be  observed  that  the  percentage  • 
of  H2O  in  the  average  rock  is  rather  high  for  fresh  unaltered 
rocks,  and  indicates  that  the  rocks  analyzed  were  not  all  per- 
fectly fresh.  It  gives  a  somewhat  erroneous  impression  of  the 
hydrogen  contained  in  the  pyrogenetic  minerals,  but  as  there 
is  an  abundant  escape  of  water  in  the  form  of  vapor  from  all 
volcanic  lavas  at  the  time  of  their  eruption,  this  emphasis  of  the 
hydrogen  in  the  analyses  offsets  somewhat  the  actual  loss  of 
water  at  the  time- of  solidification  of  the  magma  and  may  not 
overstate  the  composition  of  the  liquid  rock  prior  to  eruption. 
The  amount  of  carbon  dioxide  is  excessive,  and  is  chiefly  of 
secondary  origin  and  may  be  neglected.  The  succession  in 
each  case  is  as  follows,  beginning  with  the  most  abundant 
element:  By  atomic  proportions,  O,  Si,  Al,  H,  Na,  Mg,  Ca,  Fe, 
K,  Ti,  P,  S.  By  percentage  mass,  0,  Si,  Al,  Fe,  Ca,  Na,  Mg,  K, 
Ti,  H,  P,  S.  It  is  seen  that  by  either  method  of  comparison, 
oxygen,  silicon  and  aluminium  are  the  most  abundant  elements, 
and  in  the  order  named.  It  may  be  concluded  from  this  that  all, 
or  nearly  all,  of  the  compounds  contain  oxygen;  and  a  very 
large  part  of  them,  silicon,  while  aluminium  compounds  must 
be  very  abundant. 

At  present  there  is  no  reliable  means  of  estimating  the  relative  propor- 
tions of  the  elements  which  occur  in  very  small  amounts.^  Their  occurrence 
in  igneous  rocks  is  variable,  and  their  quantity  is  not  always  determined  in 
rock  analyses.  Often  their  presence  is  not  even  indicated  in  the  analysis, 
though  it  may  be  known  from  the  occurrence  in  the  rock  of  minerals  con- 
taining them.  These  elements  are  Li  (Cs),  Gl,  Sr,  Ba,  Ni,  Co,  B,  Y,  La,  C, 
Zr,  Th,  Ge,  Sn,  Ce,  etc.,  V,  Cb,  Ta,  S,  Cr,  Mo,  W,  U,  F,  CI;  besides  Au,  and 
possibly  Ag  and  Cu. 

»  Clarke,  F.  W.  U.  S.  Geological  Survey,  Bull.  330,  p.  26,  Washington, 
1908,  and  Vogt,  J.  H.  L.,  Zeitschr.  prakt.  Geol.,  1898,  pp.  225,  314,  377, 
413;  1899,  pp.  10,  274.  Kemp,  J.  F.,  Science,  Jan.  5,  1906,  Econ.  Geol., 
vol.  1,  p.  207,  1905.  Washington,  H.  S.,  Trans.  Am.  Inst.  Mining  Eng.,  vol. 
39,  1908,  pp.  809-838.  Also  Hartley,  W.  N.,  and  Ramage,  H.,  Jour.  Chem. 
Soc.,  vol.  71,  p.  533,  1897. 
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Possible  Compounds.  —  Anticipating  the  more  thorough  dis- 
cussion of  the  chemical  reactions  within  igneous  rocks  given  in 
Chapter  IV,  in  order  to  point  out  some  of  the  essential  relation- 
ships among  the  elements  found  in  pyrogenetic  minerals,  a  few 
of  their  simplest  chemical  characteristics  will  be  stated  here  by- 
way of  introduction  to  the  general  discussion  of  the  primary 
compounds  found  in  these  rocks^ 

Of  the  twelve  elements  first  mentioned,  O,  Si,  Al,  Fe,  Mg,  Ca, 
Na,  K,  H,  Ti,  P,  S,  four,  Si,  Ti,  P,  and  S,  are  capable  of  forming 
acids  with  hydroxyl  (OH),  while  five,  Fe,  Mg,  Ca,  Na,  and  K, 
may  form  bases  with  OH.  The  elements  Al  and  Fe  may  form 
bases  or  acids,  being  intermediate  in  their  behavior  between  the 
pronounced  basic  and  acid  elements.  They  may  be  considered 
as  weakly  basic  or  acid,  and  may  exist  as  oxides  uncombined  with 
other  elements;  especially  is  this  true  of  Al.  Similarly  Si  and  Ti 
form  rather  weak  acids,  and  may  exist  as  oxides  in  the  presence 
of  the  rather  weak  base-forming  element  Al.  Moreover,  it  is 
known  that  Si  is  capable  of  forming  several  different  silicic  acids: 

HjSi A  disilicic  acid 2  (H,0).4  SiO, 

H.SijOg  polysilicic  acid 2  (H,0).3  SiO, 

H^iO,  metasilicic  acid 2  (HaO).2  SiO, 

H^SiO,  orthosilicic  acid 2  (H,0).I  SiO, 

Furthermore,  the  stronger  the  base,  the  greater  its  tendency  to 
combine  with  an  acid,  and,  apparently,  the  higher  the  acid  of  a 
particular  series  with  which  it  enters  into  combination.  From 
the  foregoing  considerations  it  follows  that  the  commoner,  more 
abundant,  elements  in  igneous  rocks  may  be  expected  to  com- 
bine with  one  another  to  form  chiefly  silicate  minerals,  together 
with  small  amounts  of  titanates  or  silicotitanates,  since  silicon 
and  titanium  are  closely  related  to  one  another  chemically,  as 
indicated  by  their  position  in  the  Mendel^ef  series.  There  will 
also  be  very  small  amounts  of  phosphates,  which  may  be  expected 
to  be  stronger  or  more  stable  compounds  than  the  silicates, 
since  phosphorus  is  &  stronger  acid-forming  element  than  silicon 
or  titanium.  Moreover  the  stronger  base-forming  elements  prob- 
ably will  form  higher  silicates  than  the  weaker  base-forming  ele- 
ments, and  will  yield  more  stable  compounds. 

Considering  the  rarer  elements  found  in  igneous  rocks,  it  is  possible  to 
predict  the  chemical  nature  of  the  less  common  pyrogenetic  minerals. 
There  must  be  silicates  containing  the  rarer  base-forming  elements,  Li,  Cs, 
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Gl,  Ba,  Sr,  Y,  Ce,  etc.;  also  ^hose  in  which  Si  is  replaced  to  a  greater  or 
less  extent  by  Zr,  Th.  There  must  be  those  containing  F,  or  CI;  and  there 
may  be  fluorides  and  sulphides;  also  columbates  and  tantalates;  molyb- 
dates,  tungstates,  uranates,  etc. 

GBNERAL  DESCRIPTION  OF  PYROGENETIC  COMPOUNDS  ON  A 
BASIS  OF  THEIR  CHEMICAL  CONSTITUENTS 

Hendeleeff's  Law.  —  In  order  to  understand  the  method  of 
arrangement  and  procedure  in  what  follows,  it  is  necessary  to  call 
attention  to  some  of  the  well-known  chemical  characters  and 
relationships  that  exist  among  the  elements.  When  arranged  in 
order  of  their  atomic  weight,  they  fall  into  a  series  in  which  ele- 
ments having  somewhat  similar  properties  recur  at  regular 
intervals,  according  to  what  is  known  as  Mendel^eff's  law.^ 
Some  of  these  relationships  are  shown  by  the  arrangement  in  the 
accompanying  table,  which,  however,  will  not  be  described  at 
length  in  this  place.  The  elements  occurring  in  igneous  rocks 
constitute  the  greater  part  of  those  known,  and  occur  throughout 
the  series. 

Among  the  base-forming  elements  those  in  the  first  subgroup 
of  each  group  are  generally  the  stronger.  Among  the  acid- 
forming  elements  those  of  the  second  subgroup  in  each  case  are 
generally  the  stronger.  But  there  is  no  constant  rule,  and  the 
statement  just  made  is  not  strictly  true.  Moreover,  among  the 
basic  elements,  those  with  heavier  atomic  weights  usually  form 
the  stronger  bases,  whereas,  among  the  acidic  elements,  those 
with  lighter  atomic  weights  usually  form  the  stronger  acids. 

Elements  belonging  to  the  same  subgroup  frequently  form 
isomorphous  compounds,  and  may  be  found  associated  together 
in  the  same  minerals.  The  same  is  true  to  some  extent  of  ele- 
ments belonging  to  the  same  group.  But  there  are  numerous 
compounds  among  the  rock  minerals  that  illustrate  the  dissimi- 
larity of  elements  belonging  to  different  subgroups  of  any  one 
group.  It  is  equally  true  that  elements  in  one  subgroup  not 
infrequently  exhibit  marked  differences  of  behavior,  or  in  the 
character  of  analogous  compounds,  which  will  be  noted  in  the 
discussion  of  the  minerals  which  follows. 

*  See  works  on  Chemistry,  also  F.  P.  Venable,  Development  of  the 
Periodic  Law,  Easton,  Penn.,  1896;  F.  W.  Clarke,  U.  S.  Geol.  Survey,  Bull. 
.'«0,  1908,  p.  35;  J.  P.  Iddings,  Rock  Minerals,  New  York,  1906,  p.  11;  and 
T.  Camelly,  Ber.  deutsch.  chem.  Gesell.,  vol.  17,  1884,  p.  2287. 
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Thus  it  happens  that  some  compounds,  or  minerals,  have  very 
simple  and  definite  compositions,  without  mixture  of  elements 
which  might  be  expected  to  be  present,  as  Si02,  AI2O3,  TiOa  and 
ZrSi04,  while  other  compounds  are  highly  complex,  containing 
numerous  elements,  some  closely  related,  others  remotely  so.  It 
is  possible  also  for  several  elements  to  enter  into  compounds  in 
such  a  manner  that  their  presence  is  difficult  to  express  except 
by  linking  them  together  as  radicals,  such  as  (OH),  (AlO), 
(MgF),  etc.  In  such  highly  complex  compounds  as  the  tour- 
malines and  amphiboles  the  physical  properties  of  the  crystals 
are  considered  to  be  controlled  by  the  preponderant  and  invari- 
able elements,  which  in  the  minerals  mentioned  form  the  acid 
radicals.  This  dominating  and  controlling  action  has  been  called 
mass  effect  by  Penfield,^  and  has  been  referred  by  him  especially 
to  the  acid  radical. 

Elements  belonging  to  the  same  group  are  commonly  asso- 
ciated together  in  rock  magmas,  and  enter  several  different  com- 
pounds or  minerals  within  a  given  rock,  so  that  certain  rocks  are 
characterized  by  the  presence  of  minerals  containing  different 
amounts  of  several  of  the  rarer  elements.  This  is  notably  the 
case  with  the  nephelite-syenite  pegmatites  of  the  Christiania 
region,  and  in  some  granitic  pegmatites  of  other  localities. 

In  the  discussion  that  follows,  the  attempt  is  made  to  show  in 
what  compounds  or  minerals,  and  in  what  associations,  the  vari- 
ous elements  are  found  in  igneous  rocks.  The  order  followed  is 
that  in  which  the  elements  occur  in  groups  in  Mendel6eff's  table. 

GROUP  I 

CiBsiuM,  Rubidium,  Potassium,  Sodium,  Lithium,  univalent 
elements,  capable  of  forming  strong  bases.  Their  activities 
vary  in  the  order  given,  caesium  being  the  most  active,  lithium 
the  least  so.  They  fall  into  two  subgroups;  caesium,  rubidium 
and  potassium  being  closely  analogous  in  their  chemical  be- 
havior. The  compounds  of  sodium  and  lithium  are  somewhat 
different  in  some  of  their  properties.  Lithium  forms  insoluble 
carbonates  and  phosphates.  As  will  be  seen  upon  studying  their 
occurrence   in   pyrogenetic    minerals,    potassium,  sodium,   and 

»  Penfield,  S.  L.  Am.  Jour.  Sci.,  vol.  14,  1902,  p.  211;  iWd.,  23, 1907,  p.  25. 
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lithium  form  like  compounds  and  crystals  in  some  cases,  but  not 
in  others.  Their  modes  of  occurrence  and  frequency  in  igneous 
rocks  are  not  always  alike. 

Gold,  Silver,  and  Copper  have  more  than  one  valency,  and  are 
chemically  quite  distinct  from  the  elements  first  named.  They 
are  seldom  found  in  pyrogenetic  minerals,  and  occur  very  rarely 
in  the  native,  uncombined,  state  in  igneous  rocks.  Copper  is 
sometimes  present  as  a  sulphide.  With  this  group  is  included 
hydrogen,  though  differing  from  the  others  in  many  respects. 

Cs,  Rb.  Caesium  and  Rubidium  are  extremely  rare,  and  csesium  is  a  promi- 
nent constituent  of  only  one  pyrogenetic  mineral,  but  with  rubidium  is 
associated  in  very  small  amounts  with  potassium  and  other  elements  of  this 
group,  sodium  and  lithium;  occurring  in  several  silicate  minerals. 

HaCs.Al.CSiOj)^.  PoLLUciTB.  H,0  .  2CS2O.  2A1,0,  •  9  SiO,  =  40.7  SiO„  15.4 
AljOj,  42.5  CsjO,  1.4  HgO  =  100.  It  contains  small  amounts  of  Na,0,  and 
less  Kfi  and  Li^O.  It  is  a  metasilicate  analogous  to  leucite,  and  occurs 
in  granite.  At  Hebron,  Me.,  it  is  found  with  quaHz  and  a  caesium-beryl 
containing  3.6  CsjO.  A  caesium-beryl  also  occurs  at  Norway,  Me.,  with 
1.66  CsjO.  Pollucite  occurs  on  Elba  in  granite  with  petalite  (castorite). 
Traces  of  caesium  and  rubidium  are  found  in  some  leucite  crystals,  and 
notable  amounts  in  lepidolite,  that  from  Norway,  Me.,  containing  3.73  RbjO. 

K.  Potassium  is  a  common  element  in  igneous  rocks,  and  is 
a  prominent  constituent  of  some  of  the  most  abundant  silicate 
minerals.  It  occurs  in  small  amounts  or  in  traces  in  others.  Its 
chief  occurrence  is  in  aluminium  silicates. 

KAlSiaOs.  Orthoclase-Microcline.  K2O  •  AI2O3  •  6  Si02  = 
64.7  SiOa,  18.4  AI2O3,  16.9  K2O  =  100.  A  polysilicate  in  which 
sodium  may  be  present  in  variable  amounts.  A  compound  iso- 
morphous  with  albite,  NaAlSiaOs- 

This  is  the  highest  alumino-silicate  of  potassium  formed  by 
crystallization  from  igneous  magmas,  and  occurs  abundantly  in 
the  more  quartzose  rocks,  granites,  and  in  many  rocks  lower  in 
silicon. 

KAl(Si03)2.  Leucite.  K2O  •  AI2O3  •  4  Si02  =  55.0  Si02,  23.5 
AI2O3,  21.5  K2O  =  100.  A  metasilicate,  containing  a  little 
sodium,  and  traces  of  csesium  and  rubidium  in  some  cases.  It  is 
abundant  in  certain  igneous  rocks,  in  which  there  is  not  sufficient 
silicon  to  make  the  polysilicate,  orthoclase,  and  satisfy  the  other 
bases  in  the  magma.  It  is  not  found  in  rocks  containing  pyro- 
genetic quartz. 
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(K,H)  Al(Si04).  Muscovite,  in  part,  also  more  siliceous,  being 
mixtures  of  H2KAl3(Si04)3  and  HaKAl3(Si308)3,  when 
2  H2O  •  K2O  •  3  AI2O3  •  6  SiOg  =  45.2  Si02,  38.5  AI2O3,  11.8  KgO, 
4.5  H2O  =  100.  An  acid  orthosilicate  of  potassium  and  alu- 
minium, in  which  there  may  be  present  small  amounts  of  sodium, 
and  traces  of  lithium,  also  fluorine.  It  may  contain  small 
amounts  of  iron  and  magnesium,  being  a  very  similar  compound 
to  biotite,  which  is  distinctly  ferromagnesian.  Muscovite  occurs 
in  rocks  rich  in  silicon  and  quartz,  and  also  in  those  free  from 
quartz  and  low  in  silicon,  that  is,  in  some  granites  and  syenites 
and  nephelite-syenites,  but  in  those  very  low  in  iron  and  mag- 
nesium. \ 

(K,H)2(Al,Fe)2(Si04)2(Mg,Fe)2(Si04)  and  (K,H)2(Al,Fe)2 
(Si04)2(Mg,Fe)4(Si04)2.  Biotite.  An  orthosilicate  like  musco- 
vite  with  part  of  the  aluminium  replaced  by  ferric  iron,  and  with 
magnesium  and  iron  in  considerable  amounts.  There  may  be 
present  also  small  amounts  of  titanium,  fluorine,  sodium,  and 
lithium,  also  other  elements.  In  one  case  6.84  BaO,  0.47  SrO, 
Middletown,  Conn.  Biotite  occurs  in  igneous  rocks  of  widely 
different  chemical  composition,  with,  or  without,  quartz. 

KjNa^AlgSioOa^.  Nbphelitb.  When  the  ratio  between  K  and  Na  is  1  :  3 
the  mineral  contains  7.7  KjO;  usually  there  is  from  4.5  to  5.5  K^O.  While 
potassium  enters  the  composition  of  pyrogenetic  nephelite,  and  there  is  a 
potassium  aluminium  orthosilicate,  kaliophilite,  isomorphous  with  sodium- 
nephelite,  this  potassium  orthosilicate  is  not  a  primary  constituent  of 
igneous  rocks,  but  occurs  as  a  product  of  contact  metamorphism,  as  when 
limestone  is  inclosed  in  the  potassic  lavas  of  Vesuvius. 

Potassium  is  found  in  very  small  amounts  and  in  traces  in  numerous 
silicate  minerals  containing  sodium.  There  may  be  as  much  as  one  or  two 
per  cent  of  K,0  in  some  tourmalines.  It  amounts  to  5  per  cent  in  the 
titanosilicate  of  iron  and  manganese,  astrophyllite,  a  rare  mineral.  As  com- 
pared with  the  wide-spread  occurrence  of  sodium  in  pyrogenetic  minerals 
potassium  has  a  very  limited  range  of  occurrence,  being  found  chiefly  in 
potash-feldspar,  leucite,  muscovite  and  biotite,  and  also  in  nephelite. 

Na.  Sodittm  is  the  most  abundant  of  the  alkalic  metals,  being 
twice  as  great  as  potassium  molecularly  in  the  average  igneous 
rock.  Its  chemical  behavior  is  not  strictly  the  same  as  that  of 
potassium;  it  is  known  to  form  a  weaker  base  than  potassium, 
and  its  compounds  are  not  always  isomorphous  with  those  of 
potassium,  when  analogous.     That  is,  these  elements   are   not 
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found  replacing  one  another  in  all  proportions  in  homogeneous 
crystals.  Moreover,  sodium  is  not  so  universally  associated  with 
aluminium  in  pyrogenetic  minerals  as  is  the  case  with  potassium, 
and  forms  numerous  compounds  without  aluminium,  or  with 
very  small  amounts  of  it.  It  occurs  in  a  much  greater  number  of 
different  minerals  than  potassium. 

NaAlSiaOg.  Albite.  NagO  •  AI2O3  •  6  Si02  ==  68.7  Si02,  19.5 
AI2O3,  11.8  Na20  =  100.  A  polysilicate  in  which  a  very  small 
amount  of  sodium  may  be  replaced  by  potassium.  It  is  in 
a  measure  isomorphous  with  microcline,  and  is  the  highest  silicate 
of  sodium  among  the  rock  minerals.  It  occurs  in  highly  siliceous 
rocks,  with  abundant  quartz,  and  also  in  less  siliceous  ones  with 
sufficient  silicon.  Owing  to  its  strict  isomorphism  with  anorthite, 
CaAl2Si208,  it  crystallizes  with  this  compound,  when  present,  as 
lime-soda-feldspar,  and  as  such  is  found  in  the  vast  majority  of 
igneous  rocks. 

NaAl(SiO,),.  Jadbite.  Na,0  •  A1,0,  •  4  SiO,  =  59.4  SiO,,  25.2  A1,0^  15.4 
NajO  »  100.  A  metasilicate  whose  pyrogenetic  character  is  not  yet 
definitely  detennined,  but  its  occurrence  with  albite  and  nephelite  at  one 
locality  in  Bunna  makes  it  seem  probable  that  it  is  a  pyrogenetic  mineral. 
Its  infrequent  occurrence  when  compared  with  that  of  its  potassium  ana- 
logue, leucite,  KAl(SiO,)„  is  noteworthy,  and  emphasizes  the  lack  of  strict 
correspondence  between  these  elements.  The  difference  in  crystal  structure 
is  also  to  be  noted,  jadeite  being  a  monoclinic  pyroxene.  It  may  occur  to 
some  extent  in  isomorphous  mixture  with  other  pyroxene  molecules. 

NaAl(SiO,)a  +  H,0.  Analcitb.  Na^O  •  AlA  •  4  SiO,  •  2  H,0-  54.5  SiO„ 
23.2  AI2O,,  14.1  Na,0,  8.2  H^O  -  100.  A  hydrous  metasilicate  like  leucite 
in  crystal  form.  It  is  of  rare  occurrence  as  a  pyrogenetic  mineral,  but  is 
considered  by  some  petrographers  to  be  primary  in  a  niunber  of  igneous 
rocks. 

K2Na«Al8Si9034.  Nephelite.  K2O  •  3  NaaO  •  4  AI2O3  •  9  Si02  = 
44.0  Si02,  33.2  AI2O3,  -15.1  Na20,  7.7  K2O  =  100.  An  ortho- 
silicate  in  which  there  are  variable  amounts  of  sodium  and  potas- 
sium, from  Na20;K20  =  3  : 1  to  5  : 1.  Owing  to  variations  in  the 
silica  from  that  required  to  form  orthosilicate,  the  percentage 
of  silica  increasing  with  the  proportion  of  potash,  it  has  been 
suggested  that  nephelite  is  a  mixture  of  the  sodium-aluminium- 
orthosilicate,  NaAl(Si04),  which  crystallizes  in  the  laboratory 
like  nephelite,  and  the  metasilicate  of  potassium  and  aluminium, 
KAl(Si03)2,  which  corresponds  in  composition  to  leucite.    Nephe- 


SODIUM  33 

lite  being  a  lower  silicate  than  albite,  occurs  in  igneous  rocks  low 
in  silicon,  in  which  there  is  not  sufficient  silicon  to  form  albite  and 
satisfy  all  the  basic  elements  capable  of  forming  silicates. 
Nephelite  does  not  crystallize  in  magmas  yielding  primary  quartz. 

H«Na«Ca(NaCO,),Al.(8i04),.  Cancrinitb.  3H,0  •  4  Na,0  •  CaO  •  4  A1,0,  • 
9  SiO, .  2  00,-38.7  SiO„  6.3  CO,,  29.3  AJ,0„  4.0  CaO,  17.8  Na,0, 3.9  H,0  =  100. 
An  orthosilicate  containing  calcium  and  carbon  which  crystallizes  from  igneous 
magmas  in  company  with  nephelite,  from  which  mineral  it  may  in  some  cases 
be  produced  by  alteration. 

Na4(AlCl)Al2(Si04)3.  Sodaute.  37.2  SiOz,  31.6AI2O3,  25.6 
Na20,  7.3  CI  =  101.7,  less  1.7  O  for  CI  =  100.  An  orthosilicate 
of  sodium  and  aluminium  containing  chlorine,  which  may  be 
united  with  aluminium  as  the  radical  (AlCl);  a  small  amount 
of  potassium  may  replace  sodium.  For  comparison  with  nephe- 
lite the  formula  may  be  written,  3(Na20  •  AI2O3  •  2  Si02)  +2  NaCl. 
Sodalite  crystallizes  from  the  same  kinds  of  rock  magmas  as 
nephelite,  with  which  it  is  commonly  associated. 

(Na2,Ca)2(NaS04-Al)Al2(Si04)3.  Haijynite.  Na4(NaS04Al)Al2 
(8104)3.  NosEUTE.  Isomorphous  orthosilicates  containing  sul- 
phur and  a  variable  amount  of  calcium.  The  more  calcic  com- 
pounds are  called  haiiynite,  the  others  are  noselite.  Potassium 
may  be  present  in  small  amounts.  When  Na20  :  CaO  : :  3  :  2, 
the  composition  of  haiiynite  is  32.0  Si02,  14.2  SO3,  27.2  AI2O3, 
10.0  CaO,  16.6  Na20  ==  100.  For  pure  sodium-noselite,  the 
composition  is  31.7  SiOz,  14.1  SO3,  26.9  AI2O3,  27.3  Na20  =  100. 
For  comparison  with  nephelite  the  formulas  may  be  written: 

Haiiynite.  —  3  [(Na2,Ca)0  •  AI2O3  •  2  SiOg]  +  2  Na2S04. 
Noselite.  —  3  [Na20  •  AI2O3  •  2  Si02]  +  2  Na2S04. 

These  orthosilicates  crystallize  from  the  same  kinds  of  magmas 
as  those  in  which  nephelite  and  sodalite  form,  and  are  com- 
monly associated  with  these  minerals.  They  do  not  crystallize 
from  magmas  yielding  primary  quartz. 

NaFe(Si03)2.  Acmite.  Na20  •  FegOs  •  4  SiOa  =  52.0  Si02,  34.6 
Fe203,  13.4  Na20  =  100.  Metasilicate  of  sodium  and  ferric 
iron  crystallizing  as  a  monoclinic  pyroxene,  and  isomorphous 
with  the  calcium,  magnesium,  iron  proxenes,  augite  and  diopside. 
It  forms  in  magmas  with  insufficient  aluminium  to  combine  with 
the  sodium  present,  as  sodium-aluminium  silicates.     It  occurs  in 
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rocks  high  in  silicon  and  also  in  those  low  in  silicon,  and  may,  or 
may  not,  be  accompanied  by  quartz.  When  in  isomorphous 
mixture  with  augite  molecules  the  mineral  is  called  iBGiRiTE- 

AUGITE. 

Ill      II 
(NaFe)2Fe(Si03)6.  Riebeckite.  NagO  •  FeO  •  Fe203  •  5  SiOj  = 

50.5  Si02,    26.9  Fe203,    12.1  FeO,    10.5  NagO  =  100.     A    meta- 

silicate  similar  to  acmite  with  the  addition  of  ferrous  iron.     It 

crystallizes  as  a  monoclinic  amphibole,  and  is  isomorphous  with 

other  monoclinic  amphiboles.     It  plays  the  same  r61e  among  the 

amphiboles  as  acmite  does  among  the  pyroxenes,  and  crystallizes 

from  similar  magmas. 

(R,Na2)Si03.     Sodium  enters  metasilicate    compounds    with 

III 
other  basic  elements,  Ca,  Mg,  Fe,  Al,  Fe,  (K,H)  in  monoclinic 

amphiboles  and  to  a  less  extent  in  pyroxenes,  which,  on  account 
of  their  ability  to  replace  one  another  in  various  proportions, 
have  no  fixed  compositions,  unless  the  ratio  of  calcium  to  the 
other  components  be  taken  into  account.  The  following  are 
some  of  the  varieties: 

Na«(Ca,Mg)3(Fe,Mn)i4(Al,Fe)2Si2i046.  Arfvedsonite,  and  a 
slightly  more  basic  variety,  barkevikite.  Other  varieties  are 
KATOFORITE  and  HASTiNGSiTE.  A  SO  me  what  analogous  com- 
pound is  ^NiGMATiTE  or  cossYRiTE,  a  triclinic  amphibole  of  rare 
occurrence,  containing  a  notable  amount  of  titanium.* 

Nai,(Ca,Fe)aCl(Si,Zr)aoOa,.  Eudialtte  (eucolite),  essentially  a  metasilicate, 

R,R3Zr(SiOa)7,  with  R  chiefly  Na,  also  K,  H ;  R  chiefly  Ca,  also  Fe,  Mn,  and 
Ce  (OH); and  with  ZrOCl,  in  part  replacing  SiO,;  columbium  (tantalum)  may 
be  present  in  small  amounts.  Contains  from  10  to  13  per  cent  of  NaaO. 
Occurs  with  nephelite,  sodalite,  and  other  sodic  minerals. 

H2(Na„Ca)(Zr(OH)2)(Si03),.  Cataplbiite.  When  free  from  calcium  its 
composition  is  46.1  SiO,,  28.8  ZrO,,  15.9  Na^O,  9.2  H^O  «  100.  It  is  a  rare 
mineral  associated  with  zircon  and  with  various  sodic  minerals  in  the  neph- 
elite-syenite-pegmatites  of  the  Christiania  Fjord,  Norway. 

Na(GlF)Ca(Si03)j.  Leucophanite.  49.4  SiO,,  10.3  GIO,  23.0  CaO,  12.8 
Na,0,  7.9  F  =  103.4,  less  3.4  O  for  F  =  100.  A  rare  mineral  in  the  nephelite- 
syenite-pegmatites  of  the  Christiania  Fjord. 

NaCajGljFSi.Oio.  Meuphanite.  46.9  SiO,,  13.1  GIO,  29.1  CaO,  8.1  Na,0, 

*  For  analyses  of  these  amphiboles,  see  Rock  Minerals,  p.  339.  For  a 
discussion  "  of  the  chemical  composition  of  amphibole,"  by  S.  L.  Penfield 
and  F.  C.  Stanley,  see  Am.  Jour.  Sci.,  vol.  23,  1907,  pp.  23-51. 
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5.0  F  =  102.2,  less  2.2  O  for  F  -  100.  Very  similar  to  leucophanite  in  com- 
position and  mode  of  occurrence. 

Sodiimi  occurs  in  small  amounts  in  the  pyrogenetic  micas,  but  the  sodium- 
mica,  paragonite,  is  not  a  pyrogenetic  mineral.  Sodium  also  occurs  in  small 
amounts  in  tourmaline,  there  being  as  much  as  3.0  NajO  in  some  varieties. 
It  is  present  in  vtry  small  amounts  in  the  minerals  of  the  melanocerite 
group. 

In  certain  pyrogenetic  titanosilicates  sodium  is  present  in  amounts  as  fol- 
lows: 2.0  to  4.0  per  cent  in  astrophyllite ;  6.67  in  johnstrupite;  2.44  in  mosan- 
drite;  8.98  in  rinkite.    There  is  in  the  columbate,  pyrochlore,  5.0,  Na,0. 

NaGlP04.  Beryllonite.  Na,0  .  2  GIO  .  Ffi^  =  55.9  P.Oj,  19.7  GIO, 
24.4  Na^O.  A  phosphate  of  sodium  and  glucinum  occurring  with  beiyl, 
columbite,  quartz,  and  feldspars  in  a  granite  pegmatite  at  Stoneham,  Me. 

Li.  Lithitun,  which  forms  the  weakest  base  of  the  alkalic  ele- 
ments, has  certain  similarities  to  potassium^  and  others  nearer  to 
sodium.  It  is  found  in  traces  in  numerous  igneous  rocks,  and 
in  notable  amounts  in  the  more  quartzose  rocks  rich  in  alkalies 
and  aluminium,  certain  granites.  It  is  a  prominent  component  of 
some  quartzose  pegmatites.  It  forms  several  aluminous  silicates 
as  follows: 

LiAlCSiaOj),.  Petalite.  Li^O  .  AlA  .  8  SiO,  =  78.4  SiO,,  16.7  A1,0„ 
4.9  LijO,.  It  contains  small  amounts  of  NajO  and  traces  of  K^O.  A  disili- 
cate,  the  most  siliceous  mineral.  It  is  a  rare  mineral,  somewhat  like  pyroxene, 
spodumene,  and  occurs  in  granitic  pegmatite  with  other  lithium  minerals, 
thus  at  Peru,  Me.,  with  spodumene,  albite,  beryl,  triphylite ;  at  Utd,  Sweden, 
with  magnetite,  spodumene,  lepidolite,  tourmaline,  and  quartz;  at  Elba,  in 
granite  with  orthoclase,  albite,  lepidolite,  tourmaline,  garnet,  cassiterite, 
beryl,  pollucite,  and  quartz. 

LiAl(Si03)2.  Spodumene.  LigO  •  AI2O3  •  4  Si02  =  64.5  Si02, 
27.4  AI2O3,  8.4  Li20.  A  metasilicate  generally  containing  small 
amounts  of  sodium.  A  pyroxene-like  mineral  occurring  in  gran- 
itic pegmatites  associated  with  other  lithium  minerals,  both 
silicates  and  phosphates,  lepidolite,  petalite,  amblygonite,  lithio- 
philite,  triphylite,  and  other  minerals.  Prominent  localities  are 
Branchville,  Conn.;  Huntington,  Mass.;  Killiney  Bay,  near  Dub- 
lin; Peterhead,  Scotland;  Uto,  Sweden. 

It  is  interesting  to  note  that  spodumene  at  Branchville,  Conn., 
alters  to  albite  and  the  lithium  aluminium  orthosilicate,  eucryp- 
tite,  as  lithium-nephelite,  LiAlSi04,  which,  however,  is  not 
known  as  a  primary,  pyrogenetic  mineral. 
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HKLiAl3(Si04)3  and  K3Li3(AlF2)3AI(Si30&)3.  Lepidoltte. 
Lithium  mica  containing  sometimes  small  amounts  of  rubidium 
and  caesium.  49.62  Si02,  27.30  AI2O3,  0.31  Fe203,  0.07  FeO, 
0.55  MnO,  8.03  K2O,  4.34  Li20,  2.17  Na20,  2.44  RbgO,  0.72  CsgO, 
1.52  H2O,  5.45  F  =  102.52,  Auburn,  Me.  It  occurs  in  granite 
and  granitic  pegmatite  with  spodumene,  amblygonite,  tourma- 
line, etc.,  and  is  often  associated  with  potash-mica,  muscovite, 
in  parallel  growth. 

HsK^Li^FesAlgFgSiifO^,.  Zinnwaldite.  Lithium-iron-mica.  Other  vari> 
eties  with  slightly  different  proportions  are  crtophtllite  from  Cape  Ann, 
Mass.,  and  POLYUTHioNrrE  from  K&ngerdluarsuk.  Composition  near  that  of 
lepidolite  with  part  of  the  alumina  replaced  by  iron  oxide.  Polylithionite 
contains  almost  no  iron,  and  7.63  Na,0.  It  occurs  in  granite  at  various 
localities,  and  in  association  with  cassiterite  at  Zinnwald,  and  in  Cornwall. 

In  Tourmaline  lithium  sometimes  occurs  in  small  amounts  together  with 
sodium  and  a  little  potassium.  It  is  found  in  traces  in  other  alkali-bearing 
silicates. 

Li(Fe,Mn)P04.  Triphtlitb  and  LrrHioPHiLrrs.  Phosphates  of  lithium 
with  iron  and  manganese  in  varying  proportions,  having  9.5  Li,0.  Topical 
triphylite  is  LiFePO,,  45.0  PA»  45.5  FeO,  9.5  Li,0.  Typical  lithiophilite 
is  LiMnPO^.  45.3  P^O^,  45.1  MnO,  9.6  LijO.  These  minerals  occur  with  spod- 
umene  in  granite  pegmatites. 

Li(AlF)P04.  Ambltgonfte.  A  fluophosphate  of  lithium  and  aluminium 
47.9  PaO„  34.4  AI2O3,  10.1  Li,0,  12.9  F  «  105.3  less  5.3  O  for  F  -  100. 
Sodium  may  replace  part  of  the  lithium,  and  hydroxyl  part  of  the  fluorine. 
It  occurs  with  other  lithium  minerals  in  granite  pegmatites  in  several 
localities  in  Maine,  at  Branchville,  Conn.,  and  elsewhere. 

H.  Hydrogen  enters  into  the  composition  of  various  pyro- 
genetic  minerals  to  a  greater  or  less  extent,  and  is  generally 
grouped  with  the  base-forming  elements.  It  is  undoubtedly 
more  abundant  in  liquid  magmas  than  in  solidified  rocks,  as  is 
indicated  by  the  great  volume  of  water  vapor  and  some  hydrogen 
gas,  and  other  hydrogen-bearing  gases,  that  escapes  from  lavas  at 
the'  time  of  volcanic  eruptions. 

H2O.  Water  is  present  as  primary  inclusions  in  some  pyrogenetic  minerals, 
especially  in  quartz.  It  probably  exists  to  a  very  small  amount  in  numerous 
minerals  in  solid  solution. 

H  or  (OH).  Hydrogen  or  hydroxyl  enters  the  composition  of  numerous 
pyrogenetic  silicates,  and  the  percentages  of  H^O  in  various  minerals  are  as 
follows:  5  to  6  in  muscovite;  1  to  2  in  lepidolite;  2  to  4  in  biotite ;  there  is  a 
variable  small  Amount  in  amphiboles;  about  5  in  allanite;  about  2  in  epi- 
dote;  about  4  in  cancrinite;  from  1  to  4  in  tourmaline;  8.2  in  analcite' 
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9.2in  catapleiite;  3  in  melanocerite ;  4.8  in  caiyocerite;  6.5  in  tritomite;  1.5 
in  cordierite;  2.4  in  poUucite.  In  the  titanosilicates:  4.8  in  astrophyllite ; 
10.25  in  mosandrite;  1.8  in  johnstrupite.  In  the  columbates  and  tantalates: 
5  in  hatchattolite;  6.7  in  yttrotantalite,  etc.  In  the  phosphates:  3.7  in  herd- 
rite;  4.1  in  triploidite;  and  6.6  in  amblygonite. 

Au.  Gold  uncombined  with  other  elements  is  rare  as  a  pyrogenetic  min- 
eral.   It  has  been  found  in  granite  from  Sonora,  and  in  pitchstone  from  Chili. 

Ctt.  (popper  in  an  uncombined  form  is  frequently  associated  with  basaltic 
rocks  in  such  a  manner  ad  to  appear  to  be  genetically  related  to  them. 

CuFeS,.  Chalcoptritb.  Sulphide  of  copper  and  iron,  34.5  Cu,  30.5  Fe, 
35.0  S  —  100.  Occurs  with  pyrrhotite  and  pentlandite  in  certain  igneous 
rocks  rich  in  ferromagnesian  silicates,  gabbro,  in  Canada  and  Norway. 
Copper  also  occurs  in  small  amounts  in  some  pyrogenetic  pyrite. 

SUMHARY  FOR  GROUP  I 

The  heaviest  elements  of  this  group,  Cs  and  Rb,  are  extremely 
rare,  and  are  associated  with  the  other  members  of  the  group, 
especially  K  and  Li,  and  like  them  occur  chiefly  in  silicates,  with 
aluminium,  and  in  one  compound,  with  glucinum  (beryllium). 

Potassium,  the  most  active  of  the  common  elements  of  this 
group,  is  almost  wholly  confined  to  silicate  compounds  contain- 
ing aluminium,  and  is  only  combined  with  magnesium  and  iron 
to  some  extent  in  mica,  biotite.  It  does  not  combine  to  any 
considerable  extent  with  calcium  in  pyrogenetic  minerals.  It 
does  not  form  normal  orthosilicate  compounds,  but  is  common  in 
an  acid  orthosilicate,  muscovite,  and  biotite  which  may  crystallize 
with  .quartz.  Thq  common  normal  salts  are  polysilicate,  ortho- 
clase-microcline,  and  metasilicate,  leucite. 

Sodium,  a  less  active  element  than  potassium,  is  more  abundant 
in  igneous  rocks,  and  enters  a  greater  variety  of  compounds. 
It  resembles  potassium  in  its  tendency  to  form  aluminous 
silicates,  but  differs  from  it  in  frequently  entering  non-alumi- 
nous silicates,  and  in  forming  isomorphous  mixtures  with  cal- 
cium silicates.  It  also  combines  with  glucinum  in  a  phosphate, 
which  is,  however,  a  very  rare  mineral.  Sodium  differs  from 
potassium  in  not  forming  a  pyrogenetic  mica,  and  in  frequently 
crystallizing  as  normal  orthosilicates,  and  very  rarely  as  a  meta- 
silicate  compound  analogous  to  leucite. 

Lithium,  the  least  active  element  of  this  group,  resembles 
potassium  in  forming  in  most  cases  aluminous  silicates,  especially 
occurring  in  a  mica  associated  with  muscovite  and  biotite.   How- 
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ever,  it  is  similar  to  sodium  in  that  its  aluminous  metasilicate 
is  a  pyroxene-like  mineral,  similar  to  jadeite.  It  also  occurs  as 
phosphates,  but  with  aluminium,  or  iron  and  manganese. 

Lithium,  with  the  rarer  elements  csesium  and  rubidium,  occurs 
chiefly  in  the  more  siliceous  magmas,  the  resulting  minerals  being 
constituents  of  granites  and  granitic  pegmatites.  Potassium 
also  is  more  common  in  the  more  siliceous  rocks  than  in  the  less 
siliceous  ones;  while  sodium  has  a  wider  range,  and  is  a  notable 
constituent  of  many  rocks  low  in  silica.  It  is  also  very  abundant 
in  the  more  siliceous  rocks. 

Hydrogen,  which  differs  greatly  in  many  of  its  characters  from 
other  univalent  elements,  enters  a  number  of  pyrogenetic  min- 
erals. 

Gold  occurs  very  rarely,  and  in  the  more  siliceous  rocks,  wbile 
copper,  both  native  and  as  sulphide,  is  of  more  frequent  occur- 
rence, and  is  found  in  the  less  siliceous  rocks. 

GROUP  II 

Barium,  Strontium,  and  Calcium,  possibly  Radium,  are  biva- 
lent elements  capable  of  forming  bases  not  so  strong  as  those  of 
Group  I.  Of  these,  calcium  alone  is  common  as  a  constituent  of 
pyrogenetic  minerals.  Compounds  of  these  elements  have  in  cer- 
tain cases  resemblances  with  some  of  those  belonging  to  Group  I. 
In  such  cases  barium  may  enter  isomorphously  compounds  with 
potassium,  while  calcium  may  enter  those  with  sodium  oftener 
than  those  with  potassium. 

Mercury  and  Cadmium  have  not  been  noted  among  pyro- 
genetic compounds;  Zinc  is  extremely  rare;  Magnesium  is  very 
abundant;  Glucinum  is  among  the  rarer  elements.  Bivalent 
Iron  with  Manganese,  Nickel,  and  Cobalt  are  to  be  classed  with 
elements  in  this  group,  and  have  their  closest  analogies  with  mag- 
nesium. Magnesium,  glucinum,  and  zinc  are  bivalent  in  all  their 
compounds;  the  others  just  mentioned  have  different  valencies. 
Magnesium  always  plays  the  r61e  of  a  base;  it  never  enters  the 
acid  radical.  Glucinum  is  in  some  compounds  basic,  but  is  acidic 
in  its  behavior  towards  strongly  basic  elements.  Iron  in  ferrous 
and  ferric  oxides  and  hydroxides  is  basic,  the  ferrous  compounds 
more  strongly  so  than  the  ferric,  which  may  also  be  acidic,  and 
furnish  ferrates.     The  same  is  true  of  cobalt,  but  there  are  no 
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nickelic  salts;  nickel  is  otherwise  similar  to  iron  and  cobalt. 
Bivalent  manganese  resembles  iron  in  that  MnO  is  always  basic, 
while  Mn203  is  in  some  cases  feebly  basic,  in  others  feebly  acidic. 

Magnesium,  iron,  and  manganese  replace  each  other  isomor- 
phously  in  numerous  pyrogenetic  compounds.  Cobalt  and  nickel 
may  enter  the  same  compounds  isomorphously,  but  are  rare  ele- 
ments in  pyrogenetic  minerals.  Salts  of  these  elements  are 
slightly  hydrolyzed  by  water. 

Glucinum  is  rather  independent  of  other  elements  of  this 
group  in  its  occurrence,  but  is  sometimes  associated  with  cal- 
cium, iron,  manganese,  and  zinc  in  pyrogenetic  minerals. 

Ba,  Sr.  Barium  and  Strontium  are  extremely  rare  elements  in  igneous 
rocks,  and  do  not  characterize  any  pyrogenetic  mineral.  They  occur  in 
traces  in  several  silicates,  being  sometimes  noted  in  feldspar,  especially 
potash-feldspar,  isomorphous  with  which  there  is  the  barium  compound, 
celsian,  found  in  metamorphic  rocks.  Hyalophane  is  an  intermediate  mix- 
ture of  the  two.  There  is  8.29  BaO  in  cappelenite,  RSiO,  •  YBO„  a  boro- 
silicate  of  yttrium  and  barium,  occurring  in  veiy  small  amounts  in  nephelite- 
syenite  on  Lille  ArO,  Norway. 

Ca.  Calcium  is  one  of  the  most  abundant  and  wide-spread 
elements  in  igneous  rocks,  and  enters  a  great  variety  of  com- 
pounds, the  commonest  of  which  are  silicates.  But  there  are  also 
calcium-bearing  phosphates,  titanates,  and  columbates,  among 
the  less  abundant  minerals. 

CaAl2(Si04)2.  Anorthite.  CaO,  AI2O3,  2  Si02  =  43.2  Si02, 
36.7  AI2O3,  20.1  CaO  =  100.  Orthosilicate  of  calcium  and 
aluminium,  or  possibly  an  aluminosilicate  of  calcium  and  alu- 
minium, CaAlAlSi208.  A  compound  isomorphous  with  albite 
and  crystallizing  with  it  in  all  proportions  in  the  lime-soda-feld- 
spars. The  combination  of  aluminium  with  calcium  is  not  so 
strong  as  that  between  potassium,  or  sodium,  and  aluminium,  for 
it  does  not  form  to  any  considerable  extent  when  there  is  potas- 
sium or  sodium  in  the  magma  uncombined  with  aluminium.  The 
anorthite  compound  in  combination  with  albite  crystallizes  from 
magmas  with  quartz  as  well  as  from  less  siliceous  magmas.  But 
it  is  much  more  common  in  the  less  siliceous  rocks. 

Ca(Mg,Fe)  (8103)2,  or  CaR(Si03)2.  Diopside-Augite.  Calcium 
enters  a  metasilicate  compound  with  magnesium,  iron,  and  subor- 
dinate amounts  of  aluminium,  ferric  iron,  and  sodium,  which  may 
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probably  be  represented  by  R  in  the  second  formula,  the  propor- 
tion between  the  calcium  and  the  other  basic  elements  being  that 
of  1 :1  approximately.  In  diopside  and  augite  there  is  commonly 
from  20  to  26  per  cent  CaO. 

MI 

CaR(Si03)2,  NaFe(Si03)2.  -ffiGiRiTE-AuGrrE.  In  this  mineral, 
CaO  varies  from  20  to  2  per  cent,  and  is  absent  from  pure  acmite, 
the  extremely  sodic  member  of  the  isomorphous  series  of  pyrox- 
ene compounds. 

CaR3(Si03)4.  Amphibole.  Calcium  forms  a  metasilicate  with 
magnesium,  iron,  aliyninium,  sodium,  and  traces  of  other  allied 
elements,  and  with  radicals  containing  hydrogen  and  fluorine, 
somewhat  analogous  to  the  pyroxene  compounds,  but  with  a 
different  ratio  between  the  calcium  and  the  other  basic  elements 
and  radicals.  In  amphiboles  it  is  approximately  1 : 3,  so  that  the 
amphiboles  are  distinctly  less  calcic  compounds  than  the  calcic 
pyroxenes.  In  common  hornblende  there  is  from  10  to  14  per 
cent  of  CaO.  In  the  more  sodic  varieties  the  CaO  decreases  to 
5  and  1.5  per  cent.  Thus  it  is  seen  that  there  is  about  half  as 
much  calcium  in  amphiboles  as  in  the  corresponding  pyroxenes. 

12  (Ca,  Na,)  •  (Si,Zr)08  •  RCbgOg  with  F.  WoHLBRrrB.  Zirconosilicate  of 
calcium  and  sodium  with  small  amounts  of  other  bases  and  a  notable 
amount  of  columbium.  It  contains  about  27.0  CaO,  and  occurs  in  nephelite- 
syenite  pegmatite  in  Norway. 

Ca3Na2((Si,Zr,Ti)03)4.  Rosen buschitb.  Zirconosilicate  of  calcium  and 
sodium,  with  titanium  and  fluorine.  It  carries  about  25.0  CaO,  and  occurs 
associated  with  wdhlerite  in  Norway,  and  in  similar  rocks  in  Brazil  and  in 
North  America. 

Na(Mn,Ca,Fe)(ZrO,F)(Si03)2.  Lavenite.  Zirconosilicate  of  sodium, 
calcium,  manganese,  and  iron,  with  basic  zirconium,  besides  fluorine,  titanium, 
columbium,  and  tantalum.  It  contains  about  7.0  CaO  and  is  crjrstallized 
in  nephelite-syenite  pegmatites  in  Norway  and  elsewhere,  as  well  as  in  cer- 
tain porphyritic  and  lava  forms  of  similar  magmas. 

Na,3(Ca,Fe)ftCl(Si,Zr)a,0M  or  R,R3Zr(Si03)7.  Eudialyte  (eucolite).  A 
metasilicate  of  sodium  and  calcium,  with  zirconium,  iron,  cerium,  tantalum, 
and  other  elements;  CaO  from  10  to  14  per  cent;  occurring  in  nephelite* 
syenite  rocks. 

H2(Na„Ca)(Zr(OH)a)(Si03)3.  Catapleiite.  A  metasilicate  of  sodium, 
calcium,  with  hydrogen  and  zirconium,  which  may  contain  variable  amounts 
of  calcium  up  to  5.82  per  cent;  occurs  in  nephelite-syenite  pegmatites  in 
Norway. 

NaCa(GlF)(Si03)a.  Leucophanffe.  49,4  SiO„  10.3  GIO,  23.0  CaO, 
12.8  NajO,  7.9  F  -  103.4  less  3.4  O  for  F  -  100.     And  the  following  mineral. 
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Na,(GlF)2(Ca,0)aGla(SiO,)e.  Mbliphanitb.  46.9  SiOa,  13.1  GIO,  29.1  CaO, 
8.1  Na,0,  5.0  F  =  102.2  less  2.2  O  for  F  «  100.  These  compounds  con- 
taining notable  amounts  of  calcium  crystallize  from  nephelite^yenite- 
pegmatite  magmas  in  Norway. 

(Ca,Fe),(BO)2(SiOJ,.  Homilitb.  2  CaO  •  FeO  •  BA  •  2  SiO,  -  32.1  SiO„ 
18.7  B,0„  19.3  FeO,  29.9  CaO  -  100.  A  rare  orthosilicate  occurring  inti- 
mately associated  with  meliphanite  in  nephelite-syenite  pegmatite  in  Nor- 
way. 

Calcimn  occurs  in  small  amoimt  in  the  rare  silicate  minerals  melanocerite, 
caiyocerite,  and  tritomite,  which  are  characterized  chiefly  by  the  presence 
of  the  rare  elements,  Ce,  La,  Di,  Y,  Th,  B,  and  occur  in  the  nephelite-syenite 
pegmatites  in  Norway.  Calcium  also  occurs  in  the  somewhat  similar  compoimd 
beckeUte  formed  in  nephelite-syenite  in  Russia  (7). 

(Ca,Mg,Fe)3((AI,Fe)0)2Si04,or  (Ca,Mg)4Si30io  (?).  Melilite. 
A  silicate  of  doubtful  composition  owing  to  discordant  analyses. 
There  may  be  some  sodium  and  a  little  potassium  present. 
CaO  =  27.47  to  32.47  per  cent.  Melilite  occurs  in  igneous  rocks 
low  in  silicon,  in  which  there  is  not  suflicient  silicon  to  form  the' 
commoner  pyrogenetic  silicates. 

(Ca,Mg,Fe)3(Al,Fe)2(Si04)3.  Garnet.  Calcium  combined  with 
magnesium,  iron,  and  aluminium  in  an  orthosilicate.  The  pro- 
portions of  the  different  elements  entering  the  isomorphous 
mixture  in  any  particular  case  depend,  to  a  considerable  extent, 
on  the  chemical  composition  of  the  rock  magma.  In  most  cases 
calcium  is  subordinate  to  the  other  elements  in  pyrogenetic 
garnets,  the  distinctly  calcium  garnets  being  mostly  metamorphic 
minerals.  Garnets,  though  orthosilicates,  crystallize  from  igneous 
magmas  with  quartz,  as  well  as  from  those  without  quartz. 

Caa(A10H)(Al,Fe)a(Si04)8.  Epidotb.  A  basic  orthosilicate  of  calcium  and 
aluminium  with  variable  amounts  of  iron.  The  percentage  of  CaO  varies 
from  20.7  to  24.6.  Though  mostly  a  secondary  mineral  epidote  is  sometimes 
a  pyrogenetic  one,  having  crystallized  from  the  magmas  of  certain  granites, 
and  therefore  with  quartz.  Its  occurrence  in  these  rocks  is  analogous  to 
that  of: 

(Ca,Fe)a(A10H)(Al,Ce,Fe)2(Si04)8.  Allanite,  cerium-epidote,  a  pyrogenetic 
mineral  in  which  calcium  is  present  in  variable  proportions:  CaO  =»  17.37 
to  1.40  per  cent. 


fFoR,      I      II 


III 

JEl2(Si04)ia.   JOHNSTRUPITB,  MOSANDRITE,  RiNKITE.    ComplcX 


silicates  of  calcium,  sodium,  and  the  cerium  metals,  with  titanium  and 
fluorine,  having  CaO  from  22.53  to  27.76  per  cent.  Rare  minerals  crystalliz- 
ing in  nephelitensyenite  pegmatites;  the  first  two  varieties  in  Norway;  the 
third,  rinkite,  in  Greenland  and  at  Serra  de  Tingua,  Brazil. 
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CaSiTiOfi.  Titanite.  CaO  •  TiOg  •  SiOz  =  30.6  SiOz,  40.8  TiOg, 
28.6  CaO  =  100.  A  titanosilicate  of  calcium  of  widespread 
occurrence  in  igneous  rocks,  chiefly  the  more  siliceous  kinds.  It 
is  not  commonly  developed  in  the  less  siliceous  varieties.  An 
orthorhombic  mineral,  guarinitey  having  the  same  composition  as 
titanite,  occurs  in  lava  on  Monte  Somma. 

16CaTiSi05.(Al,Fe,Y)2(Si,Ti)05.  Keilhauite.  A  titanosilicate  of  cal- 
cium, aluminium,  ferric  iron  and  the  yttrium  metals,  with  from  17.15  to 
25.03  CaO.    Occurs  in  a  feldspathic  rock,  (?)  syenite,  at  Arendal,  Norway. 

CaTiOa.  Perovskite.  CaO-Ti02  =  58.9  Ti02,  41.1  CaO  =  100. 
Calcium  titanate  crystallizing  in  magmas  so  low  in  silicon  that  the 
titanosilicate,  titanite,  does  not  form. 

RCbaOa-R(Ti,Th)0,  •  NaF.  Pyrochlore.  A  columbate  of  the  cerium 
metals,  calcium,  and  other  bases,  with  titanium,  thorium,  and  fluorine; 
CaO  from  11  to  16  per  cent;  a  rare  mineral  occurring  in  nephelite-syenite, 
syenite  and  alkalic  granite  in  several  localities. 

Calcium  also  occurs  in  other  rare  columbates  and  tantalates  such  as 
microlite,  hatchettolite,  feigusonite,  sipylite,  and  others. 

(Ca(F,Cl))Ca4(P04)3.  Apatite.  (3  CaO  •  P205)3  +  Ca(F,Cl)2. 
For  fluor-apatite  42.3  P2O5,  55.5  CaO,  3.8  F  =  101.6;  chlor- 
apatite  41.0  P2O6,  53.8  CaO,  6.8  CI  =  101.6.  There  may  be  also 
(OH),  Mn,  and  rarely  Di,  Ce,  La.  Apatite  is  a  common  con- 
stituent of  nearly  all  igneous  rocks,  but  usually  occurs  in  very 
small  amount,  being  more  abundant  in  the  less  siliceous  and  less 
feldspathic  rocks. 

Calcium  also  occurs  in  the  rare  pyrogenetic  phosphates:  herderite,  (CaF) 
GIPO4,  with  34.6  CaO;  and  triplite,  (RF)RP04,  with  2.0  to  6.0  CaO. 

CaW04.  ScHEELiTE.  CaO  •  WO,-  80.6  W0„  19.4  CaO  -  100.  Usually 
some  molybdenum  is  present  replacing  tungsten.  This  rare  mineral  is  found 
in  association  with  granitic  rocks  in  such  a  manner  as  to  be  probably  pyro- 
genetic.    Thus  at  Chesterfield,  Mass.,  it  occurs  with  albite  and  tourmaline. 

CaCOa.  Calcite.  CaO  •  CO,  «  56.0  CaO,  44.0  CO2  =  100.  Variable 
amounts  of  magnesium  and  iron  may  be  present.  Calcite  is  considered  by 
some  petrographers  as  a  pyrogenetic  mineral  in  certain  igneous  rocks,  where 
its  presence  may  be  the  result  of  absorption  from  carbonate  rocks  near  their 
contact  with  igneous  magmas.     It  is  commonly  a  secondary  mineral. 

CaF2.  Fluorite.  Calcium  fluoride  51.1  Ca,  48.9  F  =  100; 
of  widespread  occurrence  in  small  amounts  in  different  kinds  of 
igneous  rocks. 
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Mg.  Magnesium,  though  closely  allied  to  calcium  in  some 
respects,  differs  from  it  notably  in  the  manner  in  which  it  forms 
compounds.  It  occurs  frequently  in  compounds  without  cal- 
cium, is  absent  from  many  containing  calcium,  and  when  it 
enters  calcium-bearing  compounds,  it  is  not  strictly  isomorphous 
with  it  in  a  number  of  cases,  such  as  pyroxenes  and  amphiboles; 
though  it  appears  to  be  isomorphous  with  calcium  in  garnets. 
Magnesium  and  ferrous  iron  enter  numerous  mineral  compounds 
isomorphously;  and,  in  general,  pyrogenetic  minerals  containing 
magnesium  also  contain  ferrous  iron  in  variable  amounts.  But 
there  are  iron-bearing  compounds  free  from  notable  amounts  of 
magnesium,  some  of  which  contain  calcium. 

(Mg,Fe)Si03.  Orthorhombic  Pyroxene.  Enstatite  and 
Hypersthene.  Metasilicate  of  magnesium  with  variable  amounts 
of  ferrous  iron.  The  highest  silicate  of  these  elements  in  igneous 
rocks. 

MgO  •  Si02    =  60.0  SiOa,  40.0  MgO  =  100. 
3  MgO .  FeO .  4  SiOg  =  55.5  SiOa,  27.7  MgO,  16.8  FeO  =  100. 
MgO  •  FeO .  2  Si02  =  51.8  Si02,  17.2  MgO,  31.0  FeO  =  100. 

Orthorhombic  pyroxenes  occur  in  rocks  with  considerable 
silicon  and  may  be  accompanied  by  quartz.  But  they  do  not 
appear  to  crystallize  from  magmas  in  which  the  silicon  is  not 
sulKcient  to  make  polysilicates  with  all  the  potassium  and  sodium 
present.  They  do  not  accompany  leucite  or  nephelite.  The 
corresponding  orthorhombic  amphiboles,  anthophUlite,  gedritey 
are  not  pyrogenetic  minerals. 

Ca(Mg,Fe)  (8103)2,   or  Ca(Mg,R)  (8103)2.     Diopside-Augite. 

Metasilicates  in  which  magnesium  may  be  replaced  by  various  ele- 
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ments  and  radicals,  chiefly  Fe,  Fe,  Al,  Na;  but  in  which  calcium 
maintains  an  approximately  fixed  ratio  to  the  other  bases,  1:1. 
The  maximum  amount  of  MgO  is  about  17  per  cent. 

Ca(Mg,R)3(Si03)4.  Amphibole.  Metasilicate  containing  about 
the  same  amount  of  magnesium,  but  more  of  the  other  basic 
elements  than  in  pyroxene,  with  the  proportion  of  calcium 
approximately  fixed,  1  :  3,  as  compared  with  the  other  elements 
and  radicals.  The  maximum  amount  of  MgO  is  about  19  per 
cent.  Magnesium  does  not  enter  the  zirconosilicates  in  notable 
amounts. 
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(Mg,Fe)2(Si04).  Olivine.  Orthosilicate  of  magnesium  with 
variable  amounts  of  ferrous  iron,  with  from  52.0  to  32.0  MgO, 
and  from  5.0  to  30.0  FeO.  It  commonly  crystallizes  from  mag- 
mas low  in  silicon,  but  sometimes  forms  in  magmas  with  sufficient 
silicon  to  form  the  metasilicates,  enstatite,  hypersthene^  and  con- 
sequently it  may  occur  with  pyrogenetic  quartz. 

(Mg,Fe)2(Si04)  and  (K,H)2(Al,Fe)2(Si04)2.  Biotite.  An  acid 
orthosilicate  in  which  magnesium  and  iron  enter  in  variable  pro- 
portions, and  as  though  an  olivine  molecule  were  combined  with 
an  iron-bearing  muscovite  molecule.  MgO  may  vary  from  29  to 
1  per  cent. 

In  the  common  pyrogenetic  minerals,  enstatite,  hypersthene, 
olivine,  and  biotite,  there  is  no  calcium  in  combination  with  the 
magnesium. 

H,(Mg,Fe)4Al,Si,oO^.    Cordibrffe.    H,0  •  4(Mg,Fe)0  •  4(A1,0,),  10  SiO,. 

When  Mg  :  Fe  :  :  7  :  2  the  composition   is  49.4  SiO,,   33.6  A\fi»   5.3  FeO, 

10.2  MgO,  1.5  HsO»  100.     Cordierite  is  a  rare  pyrogenetic  mineral  in  some  of 

the  more  siliceous  rocks,  especially  granite. 
1    II    III 
(R,,R»^)3i05-  Tourmaline.  A  complex  silicate  of  aluminium  and  boron 

with  magnesium,  iron,  or  the  alkalies,  prominent.     MgO  may  reach  14.5  per 

cent ;  little  or  no  calcium. 

(Ca(Mg))4Si,0,oWith(Ca,Mg,Fe),((Al,Fe)0)jSiO,.  Melilite.  A  silicate  of 
calcium  with  small  amounts  of  magnesium,  iron,  and  aluminium.  MgO  from 
6  to  8  per  cent.  Magnesium  occurs  in  very  small  amounts  in  a  number  of 
other  pyrogenetic  silicates  accompanying  calcium  or  iron. 

(Fe,Mg,Ti)a03.  Picrotitanitb.  Magnesium-ilmenite,  sometimes  crystalliz- 
ing in  igneous  rocks  rich  in  magnesium  and  low  in  silicon. 

II  III  H  in 

RR,04.      Spinel.      R  =  Mg,Fe(Mn)  .  R  «  Al,Fe,Cr,(Mn).      Aluminates, 

ferrates,  and  chromates  of  magnesium  and  iron  for  the  most  part.  Those 
known  to  occur  as  pyrogenetic  minerals  containing  notable  amounts  of 
magnesium  are:  ceylonite  (pleonaste),  (Mg,Fe)Al,04;  and  picotite  (Mg,Fe) 
(Al,Fe,Cr)204.  In  these  the  percentage  of  MgO  varies  from  10  to  20.  Cey- 
lonite occurs  very  sparingly  in  the  more  siliceous  rocks,  but  picotite  is  common 
in  those  low  in  silicon,  peridotites. 

Zn.  Zinc,  though  a  bivalent  element  like  calcium,  is  not  closely  similar  to 
it  in  its  chemical  behavior,  but  is  somewhat  more  like  magnesium.  It  is  of 
rare  occurrence  in  igneous  rocks  and  enters  into  the  composition  of  very 
few  pyrogenetic  minerals.  There  is  18.15  ZnO  in  the  glucinum  silicate, 
danalite,  which  occurs  in  granite  at  Cape  Ann,  Mass.,  and  elsewhere. 
Traces  of  zinc  have  been  found  in  some  olivine,  and  in  fergusonite. 

Fe.  Iron  differs  from  the  other  elements  of  Group  II  just 
noted,  in  that  it  may  behave  as  a  bivalent  or  trivalent  element. 
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In  some  pyrogenetic  compounds  it  enters  only  as  a  bivalent 

metal,  in  others  it  is  only  trivalent,  but  in  many  it  is  present  in 

both  forms.     In  its  trivalent  character  it  resembles  aluminium 

somewhat,  and  may  play  the  r61e  of  a  base-  or  an  acid-forming 

element.     While  mostly  combined  with  silicon  as  a  silicate  it  also 

occurs  independently,  crystallizing  from  igneous  magmas  as  an 

II   III 

oxide,  Fe203,  or  more  often  as  an  iron  ferrate,  FeFe204,  in  the 

presence  of  quartz.     Iron  of  both  valencies  will  be  included  in 

the  following  discussion  of  its  occurrences. 

Fe.  Metallic  Iron  is  occasionally  found  in  vezy  small  amounts  in  igneous 
rocks  low  in  silica  and  rich  in  ferromagnesian  minerals  (basalts)  at  various 
localities.  At  Ovifak,  Greenland,  it  occurs  in  this  manner  in  masses  of  great 
size. 

Fe203.  Hematite  is  developed  as  a  pyrogenetic  mineral  to 
some  extent  in  rocks  rich  in  silicon,  or  in  alkalies  and  aluminium. 

(Fe,Ti)203.  Ilmenite.  FeO  •  Ti02  or  (Fe,Ti)203  with  variable 
amounts  of  titanium,  grading  into  magnetite,  and  sometimes 
containing  magnesium,  picrotitanitey  or  manganese.  It  crystal- 
lizes in  igneous  rocks  of  various  kinds,  from  highly  siliceous  to 
those  very  low  in  siljcon. 

FeFe04.  Magnetite.  FeO.Fe203  =  31.0  FeO,  69.0  Fe203 
=  100.  Iron  ferrate,  in  which  there  may  be  magnesium,  man- 
ganese, or  titanium.  It  crystallizes  from  igneous  magmas  hav- 
ing a  great  variety  of  compositions  from  the  most  siliceous  to  the 
least  so,  consequently  with  or  without  quartz. 

II  III  II  ni 

RR,04.  Spinel.  R  =  Mg,Fe(Mn),  R  ==  Al,Fe,Cr,(Mn).  Ferrates,  alumi- 
nates,  and  chromates  of  magnesium  and  iron  analogous  to  magnetite,  but 
much  less  common  as  pyrogenetic  minerals.  Those  in  which  iron  is  a  notable 
component  are:  ceylonite  (pleonaste),  (Mg,Fe)Al204;  picotite,  (Mg,Fe) 
(Al,Fe,Cr)204;  chromite,  FeCr204.  The  first,  pleonaste,  sometimes  occurs 
in  the  more  siliceous  rocks;  picotite  and  chromite  often  occur  in  igneous 
rocks  low  in  silicon  and  rich  in  magnesium  and  iron,  peridotites. 

(Fe,Mg)2(Si04)  and  (K,H)2(Al,Fe)2(Si04)2.  Biotite.  An  acid 
orthosilicate  in  which  ferrous  and  ferric  iron  may  be  present 
in  various  proportions,  being  most  abundant  in  lepidomelane, 
in  which  FeO  may  reach  30.0  per  cent  with  8.0  Fe203;  or  it 
may  be  25.0  Fe203  with  7.0  FeO.  Mica  richest  in  iron  often 
crystallizes  from  igneous  magmas  comparatively  low  in  iron.  It 
may  form  in  rocks  high  in  silicon  or  low  in  silicon. 
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III       II 


(NaFe)2Fe(Si03)6.  Riebeckite.  NagO  •  FeO  •  Fe203  •  5  Si02 
=  50.5  Si02,  26.9  Fe203,  12.1  FeO,  10.5  NagO  =  100.  A  meta- 
silicate  in  which  iron  appears  both  in  the  ferrous  and  ferric  state. 
An  amphibole  crystallizing  in  alkalic  magmas,  especially  in  the 
more  siliceous  ones. 

Ca(Mg,R)3(Si03)4.     Amphibole.     Metasilicates  in  which  both 

ferrous  and  ferric  iron  may  play  a  prominent  r61e  along  with 

magnesium,  calcium,  aluminium,  sodium,  hydrogen,  and  Buorine. 

In  hornblende  there  may  be:  4.94  Fe203, 10.39  FeO  (Butte  granite) ; 

in  harkevikite,  6.18  Fe203,  19.93  FeO  (nephelite-syenite,  Barke- 

vik).     There   is    a   transition  to  riebeckite  through   the   more 

sodic  varieties.   Amphiboles  rich  in  iron  and  sodium  occur  in  the 

highly  sodic  rocks,  both  high  in  silicon,  and  in  those  low  in  silicon. 

Amphiboles  rich  in  iron  with  little  or  no  sodium  occur  in  the  less 

siliceous  rocks  low  in  sodium. 
Ill 

NaFe(Si03)2.  Acmite.  Na20  •  Fe203  •  4  Si02  =  52.0  Si02, 
34.6  Fe203,  13.4  Na20  =  100.  A  metasilicate  in  which  iron  is 
abundant  in  the  ferric  state  only.  A  pyroxene  crystallizing  from 
igneous  magmas  rich  in  sodium  with  ferric  iron,  which  may  be 
highly  siliceous,  or  low  in  silicon.  It  forms  with  other  monoclinic 
pyroxenes  an  isomorphous  compound,  CBgirite-augite. 

Ca(Mg,R)(SiOp)2.  Diopside-Augite.  A  metasilicate  in  which 
both  ferrous  and  ferric  iron  occur  in  various  proportions,  but  not 
so  abundantly  as  in  amphiboles  crystallized  from  the  same 
magma.  FeO  may  be  as  high  as  16  per  cent  in  some  cases, 
though  commonly  less  than  7.  Fe203  may  reach  8  per  cent,  but 
it  is  oftener  less  than  5. 

(Mg,Fe)Si03.  Enstatite,  Hypersthene.  Metasilicates  of 
magnesium  and  ferrous  iron,  in  which  FeO  may  be  as  high  as 
28  per  cent.  They  crystallize  from  the  more  siliceous  rocks 
and  from  those  with  sufficient  silicon  to  form  metasilicates  of 
the  elements  named. 

(Mg,Fe)2Si04.  Olivine,  Fayalite.  Orthosilicates  of  magne- 
sium and  ferrous  iron.  In  common  olivines  the  FeO  may  reach 
12  per  cent.  In  hyalosiderite  it  reaches  30  per  cent.  In  fay- 
alite, Fe2Si04,  there  is  70.6  FeO.  The  most  ferrous  compound, 
fayalite,  is  rarely  crystallized  from  igneous  magmas  in  notable 
amounts,  but  may  form  in  magmas  low  in  magnesium,  both 
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highly  siliceous  ones  and  those  low  in  silica.  It  occurs  with 
quartz  in  some  cases,  and  with  nephelite  in  others.  Olivine  is 
commonly  formed  in  magmas  low  in  silicon,  but  may  crystallize 
in  more  siliceous  ones  together  with  quartz. 

(Ca,Mg,Fe)3(Al,Fe),(Si04)a.     Garnet.     An  orthosilicate  in  which  ferrous 

and  ferric  iron  may  be  present  in  various  amounts.     The  more  ferrous  garnet, 

almandite,  Fe,Al,(Si04)j,  with  nearly  40  per  cent  of  FeO,  and  some  FcaO,, 

occurs  in  the  more  siliceous  igneous  rocks,  such  as  granites.    The  more  ferric 

garnet,  andradite  (melanite),  CagFe^CSiO^),,  with  a  maximum  of  31.5  per 

cent  of  FcgO,,  and  variable  amounts  of  FeO,  crystallizes  from  the  more 

alkalic  igneous  rocks. 
I    II   III 
(Ra,R3,R2)Si05.  Tourmaline.    A  complex  silicate  of  aluminium  and  boron 

with  magnesium,  iron,  or  the  alkalies  prominent.     FeO  may  reach  17  per 

cent.    There  is  usually  very  little  ferric  iron  present. 

(Ca(Mg))4Si30,oWith  (Ca,Mg,Fe),((AI,Fe)0)^i04.  Melilite.  A  silicate  of 
uncertain  composition  in  which  Fe^Os  may  be  10.17  per  cent,  with  little  or 
no  ferrous  iron. 

H2(Mg,Fe)4AlgSijoOs7.  Cordierfte.  Rarely  a  pyrogenetic  silicate  which 
may  contain  8.55  FeO. 

Na„(Ca,Fe)aCl(Si,  ZT)^Ofa'  Eudialyte  (eucolite),  a  metasilicate  in  which 
there  may  be  from  4  to  7  per  cent  of  FeO,  occurring  in  sodic  magmas  low  in 
silicon. 

(Ca,Fe)3(B0)a (8104)3.  Homilite.  A  rare  orthosilicate  containing  19  per 
cent  of  FeO,  occurring  in  nephelite-syenite  pegmatite  in  Norway. 

Gl,Fe(Y0),(Si04),.  Gadounite.  A  basic  orthosilicate  with  14.3  FeO  in 
the  ideal  compound.     A  rare  mineral  occurring  in  some  granite  pegmatites. 

Ca,(A10H)(Al,Fe)a(Si04)3.  Epidote.  A  basic  orthosilicate,  containing 
ferric  iron  in  varying  amounts,  up  to  17  per  cent  and  possibly  more.  Not 
eonmionly  pyrogenetic. 

HRR;9i,0,3.    Allanite.    Hfi  •  4  RO  •  3  R,03  •  6  SiO,,  with  R  -  Ca,  Fe,  and 
III 
K  »^  Al,  Fe,  Ce,  Di,  La,  and  smaller  amounts  of  the  yttrium  group;  FejO,  from 

2  to  9  per  cent ;  FeO  from  1  to  13  per  cent.    A  mineral  widely  distributed 

in  very  small  amounts  in  the  more  alkalic  rocks,  chiefly  in  the  more  siliceous. 

Iron  enters  into  the  composition  of  a  number  of  rare  titanates  and  sili- 
cotitanates,  whose  formulae  may  be  found  under  the  heading  of  Titanium. 
They  are:  keilhauite,  with  about  6.0  FejO,;  astrophyllite,  with  FcaOg  from 
2.53  to  8.51,  FeO  from  18.06  to  29.02;  perovskite  with  sometimes  4.79  FeO. 

Iron  enters  the  rare  columbates  and  tantalates  found  principally  in 
granitic  and  syenitic  pegmatites.  The  more  ferriferous  minerals  of  this  kind 
are:  columbite  and  tantalite  with  FeO  from  1  to  17  per  cent;  tapiolite 
with  14.47  FeO;  samarskite,  with  as  much  as  14.0  FeO  in  some  varieties, 
and  other  minerals  of  this  group  with  less. 

FeS,.   Pyrite.     Iron   disulphide,   46.6  Fe,   53.4  S  «  100.     Of  widespread 
occurrence  in  small  amounts  as  a  pyrogenetic  mineral. 
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FeCuS,.  Chalcopyrtte.  30.5  Fe,  34.5  Cu,  35.0  S  =  100.  A  sulphide 
sometimes  developed  pyrogenetically. 

Fe„S,^^i.  Pyrrhotite.  Composition  somewhat  variable,  about  61.0  Fe, 
39.0  S  =  100.  Accompanies  pentlandite  and  chalcopyrite  in  gabbro  in  Nor- 
way and  Canada. 

(Fe,Ni)S.  Pentlandite.  42.0  Fe,  22.0  Ni,  36.0  S  =  100.  Its  occurrence 
in  gabbro  noted  above. 

NiyCo.  Nickel  and  Cobalt  resemble  iron  closely,  and  accompany  it  in  veiy 
small  amounts.  They  do  not  characteriase  any  pyrogenetic  silicate  minerals, 
but  are  found  in  traces  in  some  pyrogenetic  olivine  in  highly  magnesian  rocks, 
peridotites. 

(Fe,Ni)S.  Pentlandite.  Sulphide  of  iron  and  nickel,  with  22.0  Ni,  some- 
times occurring  in  considerable  amounts  with  pyrrhotite  and  chalcopyrite  in 
gabbro,  at  Sudbuiy,  Ontario,  and  in  Norway. 

Mn.  Manganese  resembles  iron  to  some  extent  in  its  chemical  behavior, 
but  has  a  wider  range  of  valencies.  However,  in  the  pyrogenetic  minerals  it 
is  generally  considered  to  be  bivalent  or  trivalent  in  different  cases,  and  is 
isomorphous  with  bivalent  or  trivalent  iron  in  the  few  compounds  in  which 
it  is  in  notable  amounts.  It  is  one  of  the  minor,  elementary  constituents  of 
igneous  rocks.  Traces  of  manganese  occur  in  a  number  of  pyrogenetic  min- 
erals containing  iron,  but  it  forms  a  notable  component  of  only  a  few. 

Mn,Al2(Si04)3.  Spbssartitb.  Manganese-aluminium  garnet,  3  MnO- 
AlA-  3  SiOj-  36.4  SiO„  20.6  Al,Og,  43.0  MnO  «  100.  Ferrous  iron  replaces 
manganese  to  a  greater  or  less  extent,  and  ferric  iron  replaces  aluminium. 
Spessartite  occurs  in  some  of  the  more  siliceous  igneous  rocks. 

(Mn,Fe)2(Mn2S)Gl3(Si04)s.  Helvite.  If  iron  is  absent  the  composition 
would  be  32.5  SiO^,  13.6  GIO,  51.0  MnO,  5.8  S  -  102.9  less  2.9  O  for  S  =  100. 
There  may  be  as  much  as  15  per  cent  of  FeO.  Occurs  in  pegmatite  veins 
of  nephelite-syenite  and  of  granite.  A  similar  mineral,  danalite,  (Fe,Zn,Mn), 
((Zn,Fe)2S)Gl3(Si04)3,  with  more  iron,  and  zinc  replacing  manganese, 
occurs  in  granite  associated  with  lithiarmica  at  Cape  Ann,  Mass.,  and  near 
Gloucester,  Mass. 

Manganese  occurs  sparingly  in  the  zirconosilicates;  in  lavenite,  about 
5.0  to  7.0  MnO;  and  less  than  2.0  MnO  in  rosenbuschite  and  wOhlerite;  in 
eudialyte  (eucolite)  about  3.0  MnO  in  some  cases. 

R4R4Ti (8104)4.    Astrophyllite.     Probably    orthosilicate,  with    R  -=  H, 
II 
Na,  K,  and  R  —  Fe,  Mn,  chiefly,  including  also  Fe^O,.     There  may  be  3.5  to 

12.5  MnO.    Occurs  in  nephelite-syenite  pegmatite. 

(Fe,Mn)(Cb,Ta)aOfl.  CoLUMBrrE,  Tantalite.    Columbate  and  tantalate  of 

iron  and  manganese,  varying  widely  in  composition.    MnO  may  reach  16.25 

per  cent.    Occur  in  granite  p^matites  in  numerous  localities. 
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Li(Fe,Mn)P04.  Triphylitb.  Li(Mn,Fe)P04.  Lithiophilite.  Phosphates 
with  variable  amounts  of  iron  and  manganese.  MnO  ranging  from  8.96  to 
40.86  per  cent.     Occur  in  granite  pegmatite  with  lithium  silicates. 

(RF)RP04.  Triplite.  A  phosphate  of  iron  and  manganese,  and  less 
calcium  and  magnesium,  in  variable  proportions.  MnO  from  23.25  to  54.14 
per  cent.    Occurs  in  granite  pegmatite. 

(Mn,Fe)P,08  •  (Mn,Fe)OHa.  Triploidite.  A  phosphate  similar  to  triplite 
with  (OH)  replacing  F.  There  is  about  43  to  48  per  cent  MnO.  Occurs  in 
granite  pegmatite  at  B ranch vi He,  Conn. 

GL  Glucinum  (beryllium)  is  the  weakest  basic  element  of  Group  II.  Its 
oxides  and  hydroxides  are  basic,  but  are  also  feebly  acid  toward  active 
bases.  It  occurs  in  small  amounts  in  igneous  rocks  in  the  more  alkalic,  and 
usually  in  the  most  siliceous.  It  does  not  enter  compounds  isomorphously 
to  any  considerable  extent.     Its  compounds  are  rather  definite  and  distinct. 

GlAljO,.  Crysoberyl.  GIO  •  AlA  -  80.2  AI2O3,  19.8  GIO  =•  100.  Glu- 
cinum aluminate,  not  isomorphous  with  magnesium  aluminate,  spinels. 
Occurs  in  granite  pegmatites. 

Gl3Alj(SiO,)e.  Beryl.  3  GIO  •  AlA  •  6  SiO,  -  67.0  SiO„  19.0  Al^Oj,  14.0 
GIO  —  100.  A  metasilicate  in  which  Na3,Li2,Cs2,Hs  are  sometimes  present 
replacing  Gl.  Beiyl  at  Hebron,  Me.,  contains  3.6  Cs,0.  The  mineral  is  com- 
mon in  granite  pegmatites,  and  is  sometimes  of  great  size,  in  one  case  weigh- 
ing nearly  two  and  one-half  tons,  Grafton,  Mass. 

GlaSiO^.  Phenacite.  2  GIO  •  SiO,  «  54.45  SiO„  45.55  GIO  -  100.  Glu- 
cinum orthosilicate,  occurring  sparingly  in  granite  pegmatite. 

HaGl^SiA-  Bertrandite.  H,0  •  4  GIO  •  2  SiO,  -  50.3  SiO,,  42.1  GIO. 
7.6  H2O  —  100.  Probably  a  basic  orthosilicate ;  a  rare  mineral  occurring  in 
granite  pegmatite. 

NaCa(GlF)(SiO,),.  Leucophanite.  49.4  SiO^,  10.3  GIO,  23.0  CaO,  12.8 
NaaO,  7.9  F  -  103.4  less  3.4  O  for  F  =  100. 

NaCa,Gl,FSi,Oio.  MBLiPHANrrE.  46.9  SiO„  13.1  GIO,  29.1  CaO,  8.1  Na,0, 
5.0  F  »  102.2  less  2.2  O  for  F  »  100.  Fluosilicates  occurring  in  nephelite- 
syenite  pegmatites  in  Norway. 

(Mn.Fe),(Mn,S)Gl3(SiOJ,.  Helvite.  (Fe,Zn,Mn),((Zn,Fe),S)  Gl,(SiOJ,. 
Danalite.  Orthosilicates  containing  from  10  to  14  per  cent  of  GIO.  Occur- 
ring in  a  few  localities  in  granite  pegmatite. 

Gl2Fe(YO),(SiOJa.  Gadolinite.  2  GIO  •  FeO  •  2  YjO,  •  2  SiO,-=23.9  SiO„ 
51.8  yttrium  oxides  (Y.O,,  Ca^Og,  (Di,La),Oa),  14.3  FeO,  10.0  GIO  -  100. 
A  basic  orthosilicate  occurring  in  granite  pegmatites. 

NaGlPO^.  Beryllonite.  55.9  Pfi^  19.7  GIO,  24.4  Na^O  «-  100.  A  rare 
phosphate  occurring  in  granite  pegmatite  at  Stoneham,  Me.,  with  herderite 
and  phenacite. 

(CaF)GlP04.  Herderite.  44.31  Ffi„  15.76  GIO,  33.21  CaO,  11.32  F  « 
104.60  less  4.6  O  for  F  =  100.  Hydroxyl  may  partly  replace  fluorine.  Occurs 
In  granite  pegmatite  in  several  localities.   ' 
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SUMMARY  FOR  GROUP  n 

Barium  and  strontium  occur  only  in  traces  in  pyrogenetic 
minerals,  chiefly  in  feldspars.  Barium  in  notable  amount  is  a 
constituent  of  cappelenite,  a  rare  mineral  in  nepheline-syenite  in 
one  locality  in  Norway. 

Calcium  is  a  common  element  in  considerable  amounts  in 
many  silicates,  chiefly  feldspars,  monoclinic  pyroxenes  and 
amphiboles,  and  in  numerous  rare  minerals.  It  also  occurs  in 
titanates,  niobates,  and  phosphates.  It  is  a  m'ore  active  base- 
forming  element  than  magnesium  and  iron,  and  is  never  found 
uncombined  with  an  acid  radical.  It  enters  metasilicates  and 
orthosilicates,  but  is  not  found  as  a  polysilicate.  It  is  less  con- 
stantly associated  with  aluminium  than  are  the  elements  of 
Group  I,  and  occurs  in  numerous  compounds  without  aluminium. 

Magnesium,  a  less  active  element  than  calcium,  is  commonly 
present  in  igneous  rocks,  and  often  abundant.  It  is  chiefly  in 
silicate  compounds,  and  rarely  occurs  as  a  constituent  of  alumi- 
nates,  ferrates,  or  chromates,  in  which  cases  the  magmas  were 
generally  low  in  silicic  acid.  It  is  less  frequently  met  with  in  the 
rarer,  minerals  than  is  calcium.  It  is  a  more  active  base-forming 
element  than  iron,  and  is  never  found  uncombined  with  an  acid 
radical.  It  forms  chiefly  metasilicates  and  orthosilicates,  fre- 
quently without  aluminium;  the  most  aluminous  pyrogenetic 
magnesian  mineral  is  biotite  or  phlogopite. 

Iron  is  usually  present  in  igneous  rocks,  but  in  very  variable 
amounts.  As  a  less  active  element  than  magnesium  and  calcium, 
and  one  having  several  valencies,  it  is  not  so  universally  com- 
bined with  silicic  or  other  acids  as  these  elements  are  in  igneous 
rocks,  but  occurs  commonly  as  oxide,  in  the  ferric  state,  FeaOa, 
and  as  iron  ferrate.  It  is  even  present  in  the  metallic  state  in 
some  instances.  It  occurs  in  a  great  variety  of  compounds, 
oftenest  associated  with  magnesium.  It  enters  chiefly  silicates, 
but  also  titanates,  tantalates,  columbates,  and  phosphates;  and 
besides  occurring  as  oxides,  combines  with  sulphur  to  form  sev- 
eral compounds. 

Manganese,  much  like  iron  chemically,  is  never  present  in  con- 
siderable amounts  in  igneous  rocks.  It  enters  compounds  with 
iron,  usually  in  very  small  amounts.     But  in  some  of  the  rare 
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pyrogenetic  minerals;  silicates,  tantalates,  columbates,  and  phos- 
phates, it  is  a  notable  component. 

Glucinum  (beryllium),  the  least  active  element  of  this  group, 
is  a  rare  constituent  of  igneous  rocks,  and  occurs  chiefly  in  certain 
silicate  and  phosphate  minerals  in  pegmatites  of  granite  and 
syenite. 

Zinc  has  only  been  found  in  traces  in  a  few  igneous  rocks,  and 
cadmium  and  mercury  are  not  known  to  occur  pyrogenetically. 

GROUP  m 

Cerium,  Lanthanum,  Didymium  (neodymium,  praseodymium), 
Ytterbium,  Yttrium,  and  Erbium  are  rare  elements  of  some- 
what uncertain  properties,  owing  to  their  close  resemblance  to 
one  another.  They  are  trivalent  and  usually  occur  together 
in  compounds  in  varying  proportions.  Thallium,  Indium,  and 
Gallium  have  not  been  noted  in  pyrogenetic  compounds. 

Aluminium,  the  common  element  in  the  group,  is  trivalent  in 
all  its  compounds,  and,  like  trivalent  iron,  with  which  it  is  often 
associated,  it  is  weakly  basic  in  some  compounds  with  strong 
acids,  and  acidic  in  others  with  strong  bases.  Both  sets  of  com- 
pounds may  be  hydrolyzed  by  water,  the  second  kind  more 
readily  than  the  first.  The  same  is  true  of  similar  compounds 
with  trivalent  iron,  chromium,  etc. 

Boron,  though  trivalent  like  aluminium,  almost  always  enters 
the  acid  radical  in  its  compounds.  In  its  chemical  behavior  it 
is  more  like  silicon  and  carbon. 

Ce,  La,  Di,  T,  Er.  Cerium,  Lanthanum,  Didymium  (neodymium,  praseody- 
mium), Ytterbium,  Yttrium,  and  Erbium  enter  a  number  of  silicate  compounds, 
and  a  greater  number  of  columbates  and  tantalates,  besides  others.  Owing 
to  the  great  similarity  of  these  elements  with  one  another  their  compounds 
will  be  described  together.  They  occur  mostly  in  pegmatites  of  granite  and 
syenite,  but  are  also  disseminated  somewhat  widely  in  small  amounts  in 
various  kinds  of  igneous  rocks.  It  is  to  be  noted  that  these  elements,  though 
trivalent  like  aluminium,  are  not  isomorphous  with  it,  and  in  most  instances 

enter  compounds  free  from  aluminium. 

II  III  II 

HRR^isOi,.     Allanite.     H^O  •  4  RO  •  3  RjOj  •  6  SiO„  with  R  «  Ca,  Fe, 
III 
and  R  —  Al,  Fe,  Ce,  Di,  La,  and  in  smaller  amounts  Y,  Er;    proportions 

variable.     The  following  are  the  largest  percentages  of  the  rare  oxides  found 

in  different  analyses:      33.76  Ce,Oj^     16.34  DijO,,     8.10  LaaO,,     4.20  Y,0„ 

2.00  Er^O,.     Allanite  is  a  cerium-epidote  occurring  in  small  amounts  in  a 

great  variety  of  igneous  rocks,  chiefly  the  more  siliceous  kinds. 
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OyFeYj^iaOio.  Gadolinite.  2  GIO  •  FeO  •  2  ¥,0, ;  2  SiOj,  a  basic  ortho- 
silicate  with  51.8  yttrium  oxides,  which  are  partly  replaced  by  oxides  of 
cerium,  lanthanum,  and  didymium.  The  highest  percentages  noted  in  the 
analyses  are:  47.06  YA  (yttrium  earths),  11.10  CejO,,  21.23  (Di,La),0,- 
Gadolinite  occurs  in  granite  pegmatites  associated  with  allanite. 

Y203,ThOa,  etc.,  SiO,.  Yttrialite.  A  silicate  of  thorium  and  the  yttrium 
metals  chiefly  of  indefinite  composition,  containing  46.50  YjO,  (yttrium 
earths),  1.S6  06,0 ,,  2.94  (LaDi)20,.  A  rare  mineral  associated  with  gado- 
linite in  granite  pegmatite  in  Llano  Co.,  Texas. 

3  BaSiOa .  2  Y,(Si03)3  •  5  YBQj.     Cappelenite. 

12  (H2,Ca)Si03  •  3  (Y,Ce)B03  •  2  Ha(Th,Ce)0^a  •  8  (Ce,La,Di)OF. 

Melanoceeute. 

6  (H„Ca)Si03  •  2  (Ce,Di, Y)B03  •  3  Hj(Ce,Th)02Fa  •  2  LaOF.  Caryocerite. 

2  (H„Caj,Ca)Si03  •  (Ce,La,Di,Y)B03  •  Ha(Ce,Th)03F,.  Tritomitb. 

Complex  silicates  of  the  rare  elements  with  boron  and  fluorine.  In  cap- 
pelenite 52.62  YA»  2.97  LaA.  1.29CeaOj,  0.80  ThOj  =  57.68.  In  melan- 
ocerite  9.17  YA,  20.76  Ce^Oa,  7.67  Di,0„  12.94  LaA,  3.68  CeO,,  1.66  ThO,. 
In  caryocerite  2.21  YA»  14.83  CeAi  14.34  LajOg,  6.75  Di^O,,  5.89  CeO^ 
13.64  ThOj.  In  tritomite  10.65  Ce^O,,  16.31  La^Oa,  5.57  DiA,  2.97  Y^O,, 
1 1 .69  CeOa,  9.51  ThOg.  These  minerals  occur  sparingly  in  the  nephelite-syenite 
pegmatites  in  Norway. 


L m  J(R2)4Ri3R 


I  IT 

;R2(SiOJ,2.    JoHNSTRUPiTE.     R  «  Na,    H;    R  =  Ca,    Mg; 


III  IV 

R  =  Ce,  Y,  Al,  Fe;  R  =  Ti,  Zr.    The  group  in  the  brackets  is  regarded  as 

III 
corresponding  to  the  bivalent  group  (ROH)  in  epidote.     Similar  formulas 

have  been  suggested  for  mosandrite  and  rinkite.     Complex  silicates  of  the 

cerium  elements  and  others,  occurring  in  nephelite-syenite  pegmatites. 

810,  TlOo  ZrO,  TliOa  CeOg  CeaOa  Y2O3  Al^Os  Fe^Ot    CaO 

1.  Johnstnipite      30.60  7.57  2.M  0.79      0.80  12.71»  1.11  1.62  0.60      27.76 

2.  MoHHndrit«         30.71  5.33  7.43  0.34      6.U  10.46*  3.52       0JS6      22.53 

3.  Rinkite                29.08  13.36     21.26*  0.92       0.44«»    23.26 

MffO      MnO     Na^O      KoO    HO       P 

1.  1.63         tr.       6.67        0.12      1.41       5.98  »   101.91    less    O    for    F        2.60  »    99.41 

2.  0.63        0.46       2.44        0.38      7.70       2.06  ^  100.87  "  0.86  »  100.01 

3.  8.98        6.82  =   103.11  "  2.46  =  100.66 

•  Incl.  IA2O3,  DI2O3.  b  FeO. 

Ca3(Ce,La,Di)4Si30i5.  Beckeltte,  with  very  small  amounts  of  zirconium, 
yttrium  metals  and  the  alkalies.  Occurs  in  nephelite-syenite  (mariupolite) 
in  Russia. 

The  cerium  elements  occur  in  small  amounts  in  the  zirconosilicates, 
eudialyte  (eucolite),  2.5  to  5.2  Ce(La,  Di)205,  and  also  in  rosenbuschit'C, 
2.38  LajOg  with  a  little  Ce,  and  a  trace  of  Di.  Yttrium  is  present  to  a  slight 
extent  in  titanite  from  Plauen  Grund  near  Dresden,  and  in  that  in  a  granite 
pegmatite  at  Slattkara,  Sweden,  and  in  eucolite-titanite  in  nephelite-syenite 
in  Norway. 

The  cerium  and  yttrium  metals  enter  the  titanosilicate  compound, 
keilhauite,  with  from  8.16  to  12.08  CeaO^YjOg;   and  to  a  slight  extent  in  a 
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variety  of  titanite  in  Norway.     They  are  present  in  small  amounts  in  the 

columbates  and  tantalates:    pyrochlore,  hachettolite,  microlite.     In  anner6- 

dite  there  is  about  10.0  (CeaO^YaOj) ;   in  hielmite  as  much  as  6.0  of  both  in 

some  cases;    in  polymignite  about   13  per  cent.      These  minerals  occur  in 

pegmatite  veins,  in  some  cases  of  granite,  in  others  of  nephelite-syenite. 

Cerium  and  yttrium  are  more  abundant  in  the  following  compounds: 
III  III 

R(Cb,Ta)04.    Fergusonite  with  R  =  Y,  Er,  Ce.     Metacolumbate  (and 

tantalate)    of    yttrium    with    erbium,    cerium,    uranium,   etc.,   in   varying 

amounts;    also  iron,   calcium,   etc.     The  highest  percentages  of    the    rare 

oxides  found  in  the  analyses  are:  28.81  Y,0„  13.95  EraO,,  9.26  CejO,.    Occurs 

in  granite  pegmatites. 

II  III  II  111 

R,R,(Cb,Ta)fl02i.    Samarskitb.     R  =  Fe,  Ca,  U0„  etc. ;   R  -  Y,  Er,  Ce, 

etc.     In  the  analyses  are  found  4.78  CeaO,(Di,La),08,  14.49  Yfi„  10.80  ErjO,. 

Occurs  in  granite  pegmatites. 

II  III  II  III 
RR,(Ta,Cb),0„  +  4  HjO.     Yttrgtantalite.     R  «  Fe,  Ca;  R  -  Y,  Er, 

Ce,  etc.;   contains  10.52  YjO,,  6.71  Er^Og,  2.22  CcgO,.     It  occurs  in  granite 

pegmatite  at  Ytterby,  Sweden. 

III  III 

RaCb^Oij  •  R,(Ti,Th  )40,3.   iEscHYNiTE.    A  columbate  and  titanate  (thorate) 

of  the  cerium   metals  with   a  little  iron  and  calcium;    18.49  CejO,,    5.60 
Laj(Dij)0„  1.12  YjO,.    Occurs  in  granite  pegmatite. 

R(CbOa),  •  R,(Ti03)3  •  3/2  HjO.    Euxenite.    A  columbate  and  titanate  of 

yttrium,  erbium,  cerium,  and  uranium.     In  different  analyses,  27.48  YaO„ 

9.03  Er^Og,  3.50  Ce^Og.     Occurs  in  granite  pegmatite  in  Norway. 
Ill  III 

R(CbO.),  •  2  R(Ti03)3  •  3  HaO.     Polycrasb.    Similar  to  euxenite,   with 

23.62  YjOs,  8.84  ErjO,,  2.94  CejOg.     Occurs  in  granite  pegmatites. 

(Y,Ce,Er)P04.  Xenotime.  (Ce,La,Di)P04.  Monazitb.  Phosphates  of 
the  yttrium  and  cerium  metals  in  different  proportions.  In  xenotime  from 
Georgia,  54.13  YjOj,  11.03  CeaOa(Laa,Dia)05;  in  one  from  NarestO,  30.23 
YgO^  24.34  EraO„  0.96  Ce,0,.  In  monazite  from  Narestfi,  30.58  CejO,, 
29.21  lAfiat  0.78  Y3O3.     Both  minerals  occur  in  granite  pegmatites. 

These  elements  also  enter  into  uraninite  in  variable  amounts  up  to  10 
per  cent,  the  mineral  being  found  in  granite  pegmatites. 

Al.  Aluminium  is  one  of  the  common  elements  in  igneous 
rocks,  and  enters  a  number  of  compounds,  the  most  abundant 
and  common  being  silicates.  It  also  occurs  independently  of 
silicic  acid.  Its  most  frequent  compounds  contain  the  alkalic 
elements,  K,  Na,  Li.  Its  intermediate  position  in  the  Mendel^ef 
series  corresponds  to  its  weakly  basic  or  acid  behavior  toward 
other  elements.  It  acts  as  a  base  toward  a  strong  acid,  and  as  an 
acid  toward  a  strong  base.  Consequently  the  fixed  relation 
between  it  and  the  alkalic  elements  in  most  of  the  aluminous 
silicates  may  be  the  result  of  their  being  aluminosilicates.    While 
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in  the  non-alkalic  or  slightly  alkalic  compounds,  such  as  some 
pyroxenes  and  amphiboles,  the  highly  variable  relation  between 
aluminium  and  the  basic  elements  indicates  that  in  these  com- 
pounds it  plays  the  r61e  of  a  basic  element,  replacing  the  others 
isomorphously. 

AI2O3.  Corundum.  Aluminium  oxide,  crystallizing  independ- 
ently in  igneous  magmas,  rich  in  aluminium,  especially  in  some 
granites,  syenites,  and  nephelite-syenites. 

GIAI2O4.    Chrtsoberyl.      GIO  •  Al^Oj  =  80.2  A1,0„  19.8  GIO  «  100.     A 

rare  aluminate  formed  in  some  granite  pegmatite. 
II 
RA1,04.    Spinels.  Aluminates  with  some  ferric  iron  and  chromium,  in 

which   R  =  Mg,  Fe    (Mn);    occurring  rarely  or    in   veiy  small    amounts. 

Ceylonite  (pleonaste),  (Mg,Fe)Al204,  with  59.0  to  60.0  A1,0„  is  a  rare  mineral 

in   some   granites,  nephelite-syenites,  and  other  rocks.     Picotite,    (Mg,Fe) 

(Al,Fe,Cr)304,  with  56.0  AljO,,  is  more  common  in  some  rocks  low  in  silica, 

peridotites. 

(A10)i.Al,(SiO,)7.  DuMORTiERiTB.  10  A1,0„  7  SiO„  yielding  70.8  A1,0,. 
29.2  SiO,  —  100.  Boron  may  be  present  in  small  amounts.  A  rare  mineral 
in  some  granite  pegmatites. 

Al2Si04(0,F,).  Topaz.  A  silicate  of  aluminium  with  fluorine  and  some 
hydroxyl.  When  the  ratio  of  O  :  F,  -  5  :  1,  then  33.3  SiO„  56.5  A1,0„ 
17.6  F  "  107.4  less  7.4  O  for  F  —  100.     Occurs  chiefly  in  granite  pegmatites. 

I 

RsSiOj.     Tourmaline.     A  complex  silicate  of  aluminium  and  boron,  with 

magnesium,  iron,  and  the  alkalies  present  in  subordinate  amounts.    A1,0, 

mostly  from  30  to  44  per  cent.     Frequently  developed  in  granite  pegmatites. 

I  II  III 

2  RO  •  7  RO  •  11  R,0,  •  7  SiO,  (?).  Grandidierite.   Silicate  of  aluminium, 

52.8AI3O3,  with   iron,  magnesium,  calcium,  and  the  alkalies;  occurring  in 

granite  pegmatite  in  Madagascar. 

CaAl2(Si04)2.  Anorthite.  An  orthosilicate  with  36.7  AI2O3, 
isomorphous  with  albite,  and  forming  with  it  lime-soda-feldspars, 
occurring  in  many  kinds  of  rocks. 

(H,K)Al(Si04).  Muscovite,  in  part,  also  more  siliceous,  with 
38.5  AI2O3  and  less.  Sometimes  containing  iron  and  magnesium. 
Occurs  in  granite,  syenite,  nephelite-syenite  and  their  pegmatites. 

HKLiAl,(SiO,)a  and  K,Li,(AlF,)3Al  (Si.Og),.  Lepidolite,  with  27.3  A1,0, 
and  less;  grading  through  varieties  with  iron  to  zinnwaldite.  These  micaa 
occur  in  granites  and  granite  pegmatites. 

K2Na«Al8Si9034.  Nephelite.  An  orthosilicate  with  33  AI2O3, 
occurring  chiefly  in  highly  alkalic  rocks  low  in  silicon. 
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H6Na«Ca(NaC03)2Al8(Si04)9.  Cancrinite,  an  orthosilicate, 
somewhat  like  nephelite,  with  29.0  AI2O3.  Associated  with 
nephelite  in  some  rocks. 

Na4(AlCi)Al2(Si04)3.     Sodaute,  with  31.6  AI2O3. 

(Na2,Ca)2(NaS04-Al)Al2(Si04)3.  Hauynite.  Na4(NaS04-Al) 
Al2(Si04)3.  Noselite.  With  27.0  AI2O3.  Orthosilicates  crystal- 
lizing from  alkalic  magmas  generally  rich  in  aluminium  and 
low  in  silicon.     Nephelite-syenites  and  equivalent  lavas. 

LiAl(SiO,),.  Spodumene.  A  metasilicate  with  27.4  AlaO,,  occurring  in 
granite  pegmatites. 

NaAlCSiO,)}.  jADErTE.  A  metasilicate,  with  25.2  AI3O,,  of  doubtful  pyro- 
genetic  occurrence. 

NaAl(SiOj)2  4-  H2O.  Analcite.  Hydrous  metasilicate  with  23.2  AljO, 
occasionally  pyrogenetic  in  alkalic  rocks  low  in  silicon. 

KAl(Si03)2.  Leucite.  A  metasilicate  with  23.5  AI2O3,  crys- 
tallized in  potassic  rocks  low  in  silicon. 

HjCsjAljCSiOg)^.  PoLLUcrrB.  A  veiy  rare  metasilicate,  with  IB.OAljOa 
occurring  in  granite. 

GlsAl^CSiOa),.  Bbrtl.  a  metasilicate  with  19.0  AI2O3  developed  in  granite 
pegmatite. 

NaAl(Si3C^).  Albite.  A  polysilicate  with  19.5  AI2O3;  iso- 
morphous  with  anorthite,  CaAl2(Si04)2,  and  forming  mixed 
compounds  in  all  proportions,  so  that  the  alumina  in  the  lime- 
soda-feldspars  ranges  from  19.5  to  36.7  per  cent. 

KAlCSisOg).  Orthoclase  (microcline).  A  polysilicate  with 
18.4  AI2O3.  Occurs  widely  in  igneous  rocks,  especially  in  the 
more  potassic  and  more  siliceous. 

LiAlCSijOj),.  Petautb.  A  disilicate  with  16.7  AlaO,.  Of  rare  occurrence 
in  granite  pegmatites. 

(H,K)2(Al,Fe)2(Si04)2  and  (Mg,Fe)2(Si04).  Biotite.  An 
orthosilicate  with  variable  amounts  of  aluminium,  owing  to  its 
replacement  by  iron.     12.0  to  20.0  AI2O3. 

Hi(Mg,Fe)4AlgSi,oO„.  CoRDiERrrE,  with  33.6  AI2O3,  rarely  occurs  as  a 
pyrogenetic  mineral  in  granite. 

Ca,(A10H)(Al,Fe)a(Si04)3.  Epidote,  with  from  20.0  to  33.0  AljOj,  is  seldom 
a  primary  mineral  in  granite. 
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(Ca,Fe),(A10H)(Al.Ce,Fe)2(SiOJ3.  Allanite,  with  from  6.0  to  23.0  A1,0„ 
is  a  common  pyrogenetic  mineral  in  very  small  amounts. 

(Ca,Mg,Fe)3(Al,Fe)2(Si04)8.  Garnet.  An  orthosilicate  with  variable 
amounts  of  AljO,,  from  15  to  22  per  cent.  Of  widespread  occurrence  in 
small  amounts. 

•  II 
Ca(R,(A10H))3(Si03)4.    Amphibole.    Metasilicates   in  which 

aluminium  is  present  in  variable  amounts,  probably  in  a  basic 

radical.      The  percentage  of  AI2O3  in  pyrogenetic  hornblendes 

varies  from  12.0  to  18.0.     In  the  more  alkalic  varieties  it  is  less. 
II 
Ca(R,(A10H))(Si03)2.   Pyroxene.  Metasilicates  with  variable 

amounts  of  aluminium,  as  in  amphibole,  but  generally  in  smaller 
amounts.     In  many  augites  less  than  10.0  AI2O3. 

(Ca,Mg,Fe)3((Al,Fe)0)2(Si04)2  with  (Ca,Mg)4Si30io  (?).  Meli-  * 
LITE.     A  silicate  of  uncertain  composition  which  contains  from 
3.4  to  10.17  AI2O3;  occurring  in  rocks  very  low  in  silicon. 

Aluminium  occurs  in  very  small  amounts  in  the  analysis  of  other  pyro- 
genetic silicates.  It  enters  into  the  composition  of  two  rare  titanosilicates: 
keilhauite  with  about  6.0  AI3O,  and  astrophyllite,  with  as  much  as  4.0  AI3O, 
in  some  varieties.  It  is  a  prominent  component  of  one  pyrogenetic  phos- 
phate where  it  accompanies  the  alkali  metals. 

Li(AlF)P04.    Amblyqonitb,  with  34.4  AlgOj,  occurs  in  granite  pegmatite. 

The  general  absence  of  the  trivalent  yttrium  and  cerium  elements  from 
the  common  aluminium  compounds  shows  their  lack  of  close  isomorphous 
relations.  The  presence  of  trivalent  iron  in  isomorphous  mixture  with 
aluminium  in  some  mineral  compounds  and  its  complete  absence  from  others 
indicates  that  their  chemical  similarity  is  only  partial.  The  occurrence  of 
trivalent  iron  in  pyrogenetic  compounds  is  discussed  in  connection  with  the 
occurrence  of  bivalent  iron. 

Cr.  Chromium,  a  hexavalent  element  in  some  compounds,  also  possesses 
other  valencies,  and  is  commonly  reckoned  as  trivalent  in  the  few  pyro- 
genetic minerals  into  which  it  enters.  In  these  it  is  isomorphous  with  triva- 
lent iron  and  aluminium. 

FcCraO^.  Chromtte.  68.0  CraOj,  32.0  FeO  =  100.  It  may  grade  by  acces- 
sion of  magnesium  and  ferric  iron  and  aluminium  into  the  following  mineral: 

(Mg,Fe)(Al,Fe,Cr)204.  Picotite,  a  chromium  spinel.  Both  of  these 
minerals  occur  in  igneous  rocks  rich  in  magnesium  and  iron,  and  poor  in 
silicon,  the  peridotites. 

3  CaO  •  CraO,  •  3  SiO,.  Uvarovite.  35.9  SiO,,  30.6  CrA»  33.5  CaO  =  100. 
Aluminium  may  be  present  replacing  the  chromium.  The  mineral  is  asso- 
ciated with  chromite  in  altered  peridotite.  There  may  be  a  question  as  to 
its  pyrogenetic  origin. 

B.  Boron,  though  a  trivalent  element  and  a  member  of  Group  III,  is  so 
much  of  a  non-metal  that  it  acts  as  an  acidic  element  forming  acids  and  not 
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baaes.  Its  behavior  is  more  like  that  of  silicon  than  that  of  aluminium. 
It  is  a  rare  element  in  igneous  rocks,  entering  into  the  composition  of  only 
one  pyiDgenetic  mineral  of  any  general  occurrence,  tourmaline. 

4  H,0  . 2  Na,0  •  8  AlA  •  3  B A  •  12  SiO„  or  3  H,0  •  12  MgO  •  5  A1,0,  • 
3  B3O1  •  12  SiO,.  Tourmaline.  A  complex  silicate  of  aluminium  and  boron  and 
a  small  amount  of  other  elements,  with  about  10.0  B3O, ;  occurring  chiefly  in 
granite  pegmatites. 

(Ca,Fe),  (B0)a(Si04)a.  HoMiLrrB.  32.1  SiO„  18.7  B^O,,  19.3  FeO,  29.9 
CaO  —  100.     A  rare  mineral  in  nephelite-syenite  pegmatite  in  Norway. 

3  BaSiO,  •  2  Y(SiO,),  •  5  YBOj.  Cappelenite.  A  borosilicate  of  yttrium 
and  barium  with  about  17  B^O,.  In  the  closely  related  mineral,  melano- 
oerite,  there  is  about  3.2  B,0,;  in  caryocerite  about  4.7  6^0,;  in  tritomite 
about  8.0  B,0,. 

Other  boron  minerals  appear  to  be  of  secondary  origin. 

SUMMARY  FOR  GROUP  IH 

The  cerium  and  yttrium  metals  form  rare  compounds,  mostly 
columbates  and  tantalates,  less  often  silicates  and  phosphates, 
that  occur  chiefly  in  granitic  and  syenitic  pegmatites.  The 
cerium  metals  in  the  silicate  allanite  are  of  widespread  occur- 
rence in  very  small  amounts. 

Aluminium,  one  of  the  most  abundant  components  of  igneous 
rock,  enters  chiefly  the  alkali  silicates,  feldspars,  nephelite,  leucite, 
and  the  sodalites.  It  is  present  in  numerous  ferromagnesian 
silicates  in  smaller  amounts,  and  also  occurs  in  numerous  less 
common  silicates.  It  sometimes  appears  as  an  oxide,  uncom- 
bined  with  silicic  acid,  and  occasionally  forms  aluminatesi  It  is 
a  prominent  constituent  in  one  rare  phosphate.  Aluminium  is 
most  abundant  in  magmas  rich  in  alkalies  with  moderate  or  high 
silicon. 

Trivalent  iron  was  described  with  bivalent  iron  in  Group  II. 
It  accompanies  aluminium  in  numerous  ferromagnesian  silicates, 
but  is  absent  from  the  feldspars  and  feldspathic  minerals.  It  is 
commonly  present  in  small  amounts  as  oxides,  or  ferrates,  and 
in  certain  localities  is  a  chief  component  of  the  rocks  which  are 
very  low  in  silicon. 

Chromium,  which  is  much  like  iron,  is  rarely  present  in  notable 
amounts,  but  is  found  in  traces  in  rocks  rich  in  iron  and  mag- 
nesium. 

Boron  enters  few  silicate  compounds,  chiefly  tourmaline,  and 
occurs  in  granitic  and  syenitic  pegmatites. 
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GROUP  IV 

Thorium,  Cerium,  Zirconium,  and  Titanium  are  tetravalent 
elements  with  lower  valencies  in  some  cases.  Cerium  has  been 
mentioned  with  the  trivalent  elements.  Thorium  is  a  rare 
element  always  entering  the  basic  radical  of  a  compound.  Zir- 
conium is  common  in  small  amounts,  and  titanium  is  still  com- 
moner. They  are  feebly  base-forming  as  well  as  feebly  acid- 
forming.  They  often  enter  acid  radicals  with  silicon,  which  they 
resemble  somewhat  chemically,  but  may  also  act  as  bases  in 
silicates. 

Lead,  Tin,  and  Germanium  are  extremely  rare  elements  in 
igneous  rocks.  They  are  both  tetravalent  and  bivalent.  In  this 
respect  they  resemble  carbon  more  closely  than  silicon.  The 
oxides  and  hydroxides  of  these  three  elements  are  basic,  the 
most  basic  first  in  the  order  named.  The  three  hydroxides  are 
also  acidic,  the  most  acidic  last  in  the  order  named. 

Silicon  and  Carbon  are  tetravalent  elements,  but  carbon  is  also 
bivalent.  They  both  enter  the  acidic  radical  of  compounds 
exclusively,  and  while  very  similar  in  some  of  their  chemical 
characters,  they  do  not  replace  one  another  isomorphously  in 
pyrogenetic  compounds.  In  fact,  carbon  is  extremely  scarce  in 
such  minerals.  Acids  formed  from  these  elements,  though  more 
active  than  those  sometimes  formed  by  certain  trivalent  ele- 
ments, are  rather  weak  when  compared  with  acids  formed  by 
elements  in  the  succeeding  groups. 

Th.  Thorium  is  a  quadrivalent  element  always  forming  bases.  It  is  closely 
related,  chemically,  to  cerium,  which,  however,  is  also  trivalent,  and  is  found 
associated  with  the  cerium  metals  in  a  number  of  rare  pyrogenetic  com- 
pounds. Thorium  is  also  similar  in  some  respects  to  base-forming  zirconium, 
and  enters  compounds  isomorphously  with  it  to  a  slight  extent. 

ThSiO^.  Thorite.  ThO^  •  SiO^  =  18.5  SiO,,  81.5  ThO,.  Uranium  may  be 
present,  sometimes  as  much  as  9.78  U2O3.  Occurs  in  syenite  in  several  locali- 
ties in  Norway. 

6  (H2,Ca)Si08  •  2(Ce,Di, Y)B03  •  3  Hj(Ce,Th)0aF2  •  2  LaOF.  CARYOCERrrE. 
A  complex  silicate  containing  13.64  ThOj,  occurring  in  nephelite-syenite  in 
Norway.  There  is  9.51  ThOj  in  the  similar  mineral  tritomite,  and  1.66  ThO, 
in  melanocerite,  which  occur  in  a  similar  manner  in  the  same  region. 

R2O3  •  2  SiOj.  Yttrialite.  A  silicate  of  thorium  and  the  yttrium  metals 
chiefly,  with  12.0  ThO,,  occurring  with  gadolinite  in  a  granite  pegmatite  in 
Llano  Co.,  Texas.  There  is  a  small  amount  of  thorium  in  some  ciystals  of 
allanite,  and  traces  of  it  in  other  silicates  of  the  cerium  metals. 
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RCbjOe  •  R(Ti,Th)03.     Pyrochlore.    A  columbate  with  5.0  to  7.56  ThO„ 

occurring  in  nephelite-syenite  in  Norway. 
Ill  III 

RjCb^Ou  •  R2(Ti,Th)50ij.    iEscHYNixB.    A  columbate,  titanate,  and  tho- 

rate  (?),  with  15.75  ThO,)  occurring  in  granite. 

(Ce,La,Di)P04.  Monazite.  Thorium  is  generally  present  in  varying 
proportions,  usually  accompanied  by  silicon  in  the  proper  amount  to  make 
thorium  silicate,  thorite.  It  is  not  known  whether  this  is  present  as  a 
mechanical  mixture  or  not.    ThO,  from  9  to  12  per  cent  in  some  cases. 

UO„UOj  •  ThOj,  etc.  Uraninite.  A  complex  uranium  compound  with 
variable  amounts  of  Th^O,,  up  to  9.79  per  cent,  occurring  in  granite  pegma- 
tite. 

Zr.  Zirconium  is  a  quadrivalent  element  having  the  property  of  some- 
times forming  weak  bases,  sometimes  weak  acids.  It  is  similar  in  this  to 
titanium,  which  is  near  it  in  the  same  group,  the  two  being  associated  with 
silicon,  and  entering  compounds  isomorphously  with  it.  In  the  silicates 
zirconium  in  some  cases  plays  the  role  of  base,  in  others  of  acid,  replacing 
silicon  in  part.  It  is  of  common  occurrence  in  small  amounts  in  nearly  all 
igneous  rocks,  being  most  abundant  in  the  highly  alkalic  rocks  with  a  mod- 
erate amount  of  silicon. 

ZrOj.  Baddelbyite,  with  a  little  iron.  A  very  rare  mineral,  occurring 
locally  in  nephelite-syenite  at  Alnd,  Sweden. 

ZrSi04.  Zircon.  Zirconium  orthosilicate,  32.8  Si02,  67.2 
Zr02.  A  common  mineral  in  small  amounts  in  the  more  sili- 
ceous rocks,  more  abundant  in   the  more  alkalic. 

H,(Naj,Ca)(Zr(OH),)(SiO,),.     Catapleiitb.       When  Ca  -  0,  46.1  SiO,, 

28.8  ZiOa,    15.9  Na,0,   9.2  H2O  -=  100.    The   analyses   show   from   29.0   to 

40.0  ZrO,.    Occurs  in  nephelite-syenite  in  Norway. 

I   If  I  II 

R4RaZr(Si03)7.    Eudialyte  (eucolite).     R— Na  chiefly,  also  K,  H;  R=»Ca 

chiefly,  also  Fe,  Mn,  and  Ce(OH);   ZrOCl,  in  part  replacing  SiO,;  Cb(Ta) 

may  be  present   in  small  amount.      In  eucolite  at  Barkevik,  45.15  SiO,, 

3.52  TaaOj,  12.51  ZrO,,  4.80  CeA*  0-32  YA.  3.90  FeO,  3.60  MnO,  12.11  CaO, 

11.17  NaaO,  0.11  K2O,  0.55  Q,  2.11  ign.  -  99.85.     In  some  varieties  there  is 

16.88  ZrOj.     Occurs  in  nepheUte-syenite  in  Greenland,  Norway,  and  Finland. 

Na,Ca,((Si,Zr,Ti)0,)4.     Rosenbuschite.     A  rare  metasilicate  containing 

about  31.5  SiOj,  19.0  ZrO^,  7  TiO,,  with  considerable  CaO,  Na^O,  and  small 

amounts  of  the  cerium  metals,   iron,  manganese,  and  fluorine,  occurring 

sparingly  in  nephelite-syenite  in  Norway  and  elsewhere. 

(Na4,Ca„Mn„Zr)((Si,Zr)03)a.  Lavenite.  29.17  SiO,,  28.90  ZiO,,  2.00  TiO^, 
4.13  (Ta,(Cb))A.  0.78  Fe^Oa,  3.02  FeO,  7.30  MnO,  6.93  CaO,  11.23  Na.O, 
3.82  F,  0.65  HjO,  zircon  3.08  =  101.01.  Occurs  sparingly  in  nephelite-syenite 
in  Norway  and  elsewhere. 

12  (Na2,Ca)(Si,Zr)03 .  RCbA-  Wohlerite.  30.12  SiO^,  16.11  ZrO„ 
0.42  TiO„      12.85  CbaO^,      0.66  CeA»      0.48  FeA>      126  FeO,      1.00  MnO, 
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26.95  CaO,  0.12  MgO,  7.50  Na,0,  0.74  H,0,  2.98  F  =  101.19  less  1.24  O  for 
F  =*  99.95.     Occurs  like  l&venite  in  nephelite-syenite  in  Norway. 

(Na„Ca)(Si,Zr)03.  Hjortdahlite  with  fluorine  present.  31.60  SiOa, 
1.50  TiOj,  21.48  ZrO^,  0.34  Fefi„  0.94  FeO,  0.96  MnO,  0.10  MgO,  32.53  CaO, 
6.53  Na.,0,  0.58  HA  5.83  F  -  102.39  less  2.43  O  for  F  =  99.96.  A  very 
rare  mineral  in  nephelite-syenite  on  the  Island  of  Middle  Ard  in  the  Langesund 
fjord,  Norway. 

Zirconium  also  occurs  in  the  rare  mineral  hainite  which  crystallizes  in 
phonolites  in  Bohemia.  Traces  of  it  are  found  in  melanocerite,  caryocerite, 
tritomite,  silicates  of  the  cerium  and  yttrium  metals,  which  occur  in  nephe- 
lite-syenites  in  Norway. 

In  the  titanosilicates,  there  are  the  following  amounts:  in  astrophyllite 
from  1.0  to  5.0  ZrO,;  in  johnstrupite,  2.84  ZrO,;  in  mosandrite,  7.43  ZrO,. 

6  RTiOa  •  5  RZrOg  •  R(Cb,Ta),Oe.  Polymignite.  A  columbate  and  titanate 
(zirconate)  of  the  cerium  metals,  iron,  calcium,  containing  29.71  ZrO,  in  one 
instance.     Occurs  in  nephelite-syenite  in  Norway,  and  possibly  elsewhere. 

There  is  1.97  ZrOj  in  annerddite,  a  pyrocolumbate  of  uranium  and  yttrium, 
with  doubtful  formula,  occurring  in  granite  pegmatite  at  AnnerSd,  Norway. 
There  is  also  a  very  little  zirconium  in  the  analyses  of  xenotime,  yttrium 
phosphate;  and  7.59  ZrO,  in  uraninite  from  Colorado. 

Ti.  Titanium  resembles  zirconium  in  being  quadrivalent,  and 
in  forming  weak  bases  or  weak  acids.  It  also  enters  some  com- 
pounds isomorphously  with  zirconium  and  silicon.  But  it  is 
more  closely  associated  with  silicon  than  zirconium  is,  and  occurs 
in  more  pyrogenetic  minerals,  and  is  a  commoner  element  in 
igneous  rocks.  It  is  combined  with  iron  without  silicon  to  a 
greater  extent  than  it  is  with  silicon.  It  also  occurs  as  an  oxide 
in  rocks  with  quartz.  It  occurs  in  greatest  amounts  in  rocks 
lowest  in  silicon  and  richest  in  iron. 

TiO,.  RiJTiLE.  As  a  pyrogenetic  mineral  rutile  occurs  in  very  small 
amounts  widely  disseminated  in  highly  siliceous  rocks,  granites,  usually 
crystallized  within  the  quartz,  SiO,. 

FeTiOa.  Ilmenite.  52.7  Ti02,  47.3  FeO  =  100,  with  variable 
composition,  with  diminution  of  Ti02  grading  into  hematite 
Fe203.  A  common  mineral  in  igneous  rocks  of  nearly  all  kinds 
from  the  most  siliceous  to  the  least  siliceous.  Most  abundant  in 
the  least  siliceous  rocks.  There  may  be  3  or  4  per  cent  of  TiOa 
in  pyrogenetic  magnetite. 

Fe^CTiOJa.  PsEUDOBROOKiTE.  42.9  TiO^,  57.1  FcaO,"  100.  A  rare  mineral 
occurring  in  very  small  amounts  in  several  kinds  of  volcanic  rocks,  andesite, 
trachyte,  nephelinite. 

CaTiO,.  Perovskite.  58.9  TiO,,  41.1  CaO  «  100.  A  titanate  of  calcium 
occurring  in  igneous  rocks  very  low  in  silicon,  peridotites. 
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CaTiSiOg.  Titanite.  30.6  SiOz,  40.8  TiOg,  28.6  CaO  =  100. 
A  titanosilicate  of  calcium,  common  in  igneous  rocks  not  too  low 
in  silicon,  especially  in  calcic  varieties. 

GuARiNiTE,  like  titanite  in  composition;  occurring  in  trachyte. 

15CaTiSi05.(Al,Fe,Y)a(SiTi)05.    Kbilhauitb.    TitanosiUcate  similar  to 

titanite  but  containing  a  small  amount  of  aluminium,  ferric  iron,  and  the 

yttrium  metals,  with  27.0  TiO,;  occurring  in  syenite  in  Norway. 
I    II 
R4R4Ti(Si04)4/  AsTROPHYLUTE.    An  orthosilicate  of   iron,  manganese, 

titanium,  with  alkalies  and  other  elements.     35.23  SiO^,  11.40  TiO„  1.21  ZrO„ 

0.34Ta2O5,  trAljO,,  3.73  FeA,  29.02  FeO,  5.62  MnO,  0.13  MgO,  0.22  CaO, 

3.63  Na,0,    5.42  K,0,    4.18  ign.  -  100.03.    A   rare    mineral    occurring    in 

nephelite-syenite  pegmatite. 


[F.R,!    I      n   II 
p-  J(R,)  AaR, 


(Si04)i2.  JoHNSTRUPiTB.    A   oomplez   silicate    of    the 


cerium  metals,  calcium  and  sodium,  with  titanium  and  fluorine.  It  con- 
tains 7.57  TiOj.  MosANDRiTB,  a  similar  mineral,  contains  from  5  to  9  per 
cent  TiO,.  Rinkite,  a  similar  compound,  contains  13.36  TiO,.  These  are 
rare  minerals  in  nephelite-syenite  pegmatites. 

3  CaO  •  (Fe,Ti),Og -3  (Si,Ti)02.  Schorlomite.  Probably  a  titaniferous 
garnet  containing  about  26.0  TiO,;  probably  pyrogenetic  in  nephelite-syenite 
at  Magnet  Cove,  Ark.  A  titaniferous  garnet  similar  to  it  occurs  in  phonolite 
in  the  Kaiserstuhl.  Ivaarite  with  18.98  TiO,  occurs  in  nephelite-syenite  in 
Finland.  Tliere  is  from  1  to  8  per  cent  of  TiO,  in  some  andradite  garnets, 
3  CaO  .  Fe  A  •  3  SiO,. 

2Na20-9FeO-AlFe03-12(Si,Ti)02.  ^Enigmatite.  A  titano- 
silicate related  to  the  amphiboles,  containing  about  7.57  Ti02, 
occurring  in  sodalite-syenite  in  Greenland.  A  similar  mineral, 
cossyrite,  occurs  in  sodic  lavas,  pantellerite,  on  Pantellaria. 

CaR3(Si03)4.  Amphibole,  in  which  R  is  chiefly  magnesium, 
iron,  and  smaller  amounts  of  aluminium,  ferric  iron,  sodium, 
hydroxyl,  fluorine,  etc.,  with  variable  amounts  of  titanium,  in 
some  cases  as  much  as  8.47  Ti02,  Linosa  near  Pantelleria. 

6  CaSiOa  •  2  Na2Zr02F2  •  (Ti.SiOa  •  TiOa).  Rosenbuschite.  A 
zirconosilicate  related  to  pyroxene,  with  7.59  Ti02,  occurring  in 
nephelite-syenite  pegmatite.  There  are  smaller  amounts  of  Ti02 
in  the  closely  related  minerals,  Ihvenitey  wohlerite,  hiortdahlite, 
having  a  similar  occurrence. 

CaR(Si03)2.  Pyroxene,  in  which  R  is  chiefly  magnesium,  iron, 
aluminium,  ferric  iron,  and  small  amounts  of  other  elements. 
Titanium  is  present  in  some  varieties  up  to  as  much  as  4.57  Ti02 
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(H,K)2  (Mg,Fe)4  (Al,Fe)2  (SiO*)*  or  (H,K)2  (Mg,Fe)2  AI2 
(8104)3.  BioTiTE.  There  may  be  variable  amounts  of  titanium  in 
the  iron-bearing  micas,  up  to  4.73  Ti02  in  biotite  at  Miask,  and 
4.68  Ti02  in  lepidomelane  from  Langesund  fjord,  Norway. 

There  is  a  very  small  amount  of  titanium  in  some  tourmalines,  and  in  a 

few  other  pyrogenetic  silicates. 
Ill  III 

R(CbO,),  •  2  RCTiO,),  •  3  H,0.    Polycrasb.     A  columbSfcte  and  titanate  of 

yttrium,  erbiimi,  cerium,  uranium,  with  about  29.0  TiO,;    a  rare  mineral 

which  occurs  in  granite  pegmatite. 
Ill  III 

(?)R(CbO,),  •  R,(TiO»),  •  3/2  H,0.    Euxbnitb.    Like  polycrase,  containing 

small  amounts  of  germanium,  with  from  20.0  to  30.0  TiO,.     Occurs  in  granite 

pegmatite. 
Ill  III 

R,Cb40i,  •  R, (Ti  ,Th  )50„.    Mbcwtsite .    A  coliunbate,  titanate,  and  thorate 

of  the  cerium  metals  chiefly,  with  about  21.0  TiO,,  occurring  in  granite 

pegmatite. 

5  RTiO,  •  5  RZrO,  •  R(Cb,Ta)30a.  Poltmignite.  A  columbate,  titanate, 
and  zirconate  of  the  cerium  metals,  iron,  calcium,  with  18.90  T^Oa,  occurring 
in  nephelite-syenite  pegmatite. 

RCbjOg  •  R  (Ti,Th)0,.  Pyrochlorb.  A  colvunbate,  titanate,  and  thorate 
of  calcium,  cerium,  with  fluorine;  contains  from  5.0  to  13.0  TiO,;  occurs  in 
nephelite-syenite  in  Norway.  A  small  amount  of  titanium  occurs  in 
hatehettolite. 

Pb.  Lead,  a  member  of  this  group  of  elements,  is  very  rarely  present  in 
pyrogenetic  minerals.  In  uraninite  there  is  from  3.0  to  11.0  PbO.  In  the 
columbate,  annerddite,  there  is  2.40  PbO;  in  fergusonite  1.94  PbO.  The 
silicate  thorite  sometimes  contains  as  much  as  1.67  PbO. 

Sn.  Tin  while  quadrivalent  and  a  member  of  Group  IV  is  also  bivalent 
in  some  compounds.  It  is  not  closely  related  to  the  other  elements  in  this 
group,  and  is  found  but  seldom  in  pyrogenetic  minerals  except  in  traces  in 
association  with  the  cerium  metals,  and  in  the  columbates  and  tantalates. 

SnOj.  Cassiterite,  the  only  pyrogenetic  mineral  in  which  tin  plays  a  prom- 
inent r6le,  occurs  in  some  granites  and  their  pegmatites. 

Si.  Silicon  is  next  to  oxygen  the  most  abundant  element  in 
igneous  rocks.  It  is  quadrivalent,  and  is  always  an  acid-forming 
element.  The  acids  are  not  very  strong,  but  the  compounds  are 
most  of  them  very  stable.  While  it  has  many  resemblances  to 
carbon,  the  two  elements  do  not  make  compounds  isomorphous 
with  one  another,  and  there  is  almost  no  carbon  in  igneous  rocks. 
In  general  there  is  none  noted  in  chemical  analyses  of  fresh  rocks. 
Owing  to  the  fact  that  silicon  enters  the  great  majority  of  pyro- 
genetic minerals,  most  of  which  have  been  already  noted,  the  list 
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of  silicates  will  not  be  given  with  the  formula  of  each,  but  the 
occurrence  of  silicon  in  the  rock  minerals  will  be  stated  in  general 
terms. 

Si02.  Quartz  and  Tridymite.  The  oxide,  silica,  crystal- 
lizes by  itself  as  a  pyrogenetic  mineral  in  magmas  rich  in  silicon, 
and  in  those  low  in  silicon  in  which  the  base-forming  elements 
are  not  sufficiently  abundant  to  combine  with  all  the  silicon,  or 
in  which  the  basic  character  of  some  of  them  is  not  sufficiently 
strong  to  compel  all  the  silicon  to  enter  into  combination  with 
them.  Thus  quartz  occurs  in  highly  siliceous  rocks,  but  does  not 
occur  in  highly  alkalic  rocks  with  moderate  content  of  silicon. 
It  often  occurs  in  less  siliceous  rocks  low  in  alkalies,  with  con- 
siderable calcium,  iron,  and  magnesium. 

1  I  1 

R2Si206  or  R4(Si206)2.     Disilicate,  in  which  R4  is  replaced  by 

(LiAl)  —  petalite,  with  78.4  Si02,  the  only  pyrogenetic  disilicate. 

A  rare  mineral  in  granite  pegmatite  in  a  few  localities. 
I  I 

R4Si308.     PoLYSiLicATE,  in  which  R4  is  replaced  by  KAl,  ortho- 

clase,  with  64.7  Si02;  NaAl,  albite,  with  68.7  Si02.     These  are  the 

only  simple  polysilicates  among  the  pyrogenetic  minerals. 
I 

R2Si08.  Metasilicate.  Some  of  the  commonest  pyrogenetic 
minerals  belong  here.  The  list  includes  leucite,  poUucite, 
enstatite,  hypersthene,  diopside,  augite,  segirite,  acmite,  jadeite, 
spodumene,  rosenbuschite,  lavenite,  wohlerite,  hjortdahlite, 
hornblende,  riebeckite,  arfvedsonite,  senigmatite,  beryl,  eudia- 
lyte  (eucolite),  catapleiite,  cappelenite,  melanocerite,  caryo- 
cerite,  tritomite,  lepidolite. 

Intermediate  Silicates,  whose  composition  lies  between  that 
of  the  foregoing  and  orthosilicates.  In  this  list  may  be  included 
lime-soda-feldspars,  which  may  be  considered  mixtures  of  poly- 
silicates and  orthosilicates;  rock-making  nephelite;  leucophanite, 
meliphanite,  cordierite,  and  possibly  analcite. 

R2Si04.  Orthosilicate.  Many  of  the  commonest  pyrogenetic 
minerals,  as  well  as  some  less  abundant  (fr  rare  minerals.  They 
include  sodium-nephelite,  cancrinite,  sodalite,  haiiynite,  noselite, 
helvite,  danalite,  garnets,  schorlomite,  olivine,  fayalite,  phe- 
nacite,  melilite,  zircon,  thorite,  topaz,  homilite,  gadolinite,  yttri- 
aUte,  epidote,  allanite,  muscovite,  biotite,  (?)  lepidolite,  in 
part. 
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SuBSiLiCATES,  Of  silicatcs  of  uncertain  formulae  which  may 
properly  be  basic  or  acid  metasilicates  or  orthosilicates.  Among 
them  are  tourmaline  and  dumortierite. 

Silicon  also  enters  titanosilicates,  including  titanite,  guarinite, 
keilhauite,  astrophyllite,  johnstrupite,  mosandrite,  rinkite. 

C.  Carbon,  though  closely  analogous  to  silicon  in  some  characters,  is  an 
extremely  rare  element  in  pyrogenetic  mineral  compounds.  Uncombined 
with  other  elements  in  the  form  of  diamond  it  occurs  in  association  with 
minerals  from  granitic  pegmatites,  and  also  in  serpentine  altered  from  perido- 
tite,  in  which  rock  it  is  probably  pyrogenetic.  As  the  oxide  CO,  it  is  known 
in  gaseous  and  liquid  form  as  microscopic  inclusions  in  quartz,  but  how  far  it 
may  be  primary  and  how  far  secondary  has  not  been  determined.  In  the 
quartz  at  Branchville,  Conn.,  it  is  probably  primary.  Carbonates,  CaCO^,  cal- 
cite,  possibly  also  magnesium  and  iron  carbonates,  are  rarely  observed  in 
any  manner  which  might  be  considered  pyrogenetic.  In  some  instances, 
however,  calcite  in  small  amount  has  been  considered  pyrogenetic.  In  cer- 
tain nephelite-syenite  in  Canada  it  was  undoubtedly  present  at  the  time  of 
the  crystallization  of  the  magma.  Carbon  enters  the  silicate  compound,  can- 
crinite,  HaNa^Ca(NaC0,)aAlg(Si04)p,  with  about  6.3  CO,,  but  this  is  not  a 
common  mineral,  being  developed  only  in  certain  nephelite-syenites. 

SUMICARY  FOR  GROUP  IV 

Silicon  is  the  most  important  element  of  this  group  in  igneous 
rocks,  is  next  in  abundance  to  oxygen,  and  forms  numerous  sili- 
cates, those  of  the  highest  order  containing  the  most  active  base- 
forming  elements.  As  an  oxide,  Si02,  it  is  abundant  in  rocks  in 
which  there  are  insufficient  base-forming  elements  to  unite  with  it 
as  silicate  compounds;  and  occurs  also  in  those  having  the  weaker 
base-forming  elements,  Mg,  Fe,  in  the  lower  silicate  compounds, 
or,  in  the  case  of  Fe  sometimes,  not  combined  with  silicic  acid. 

Titanium  is  a  constituent  of  numerous  silicates,  forms  a  few 
titanates,  and  is  commonly  present  in  the  iron  oxides  and  ferrates, 
with  which  it  is  most  closely  associated;  and  also  separates  as 
the  oxide,  Ti02,  from  some  magmas  rich  in  silicon  and  relatively 
poor  in  the  base-forming  elements.  Zirconium,  somewhat  like 
titanium,  enters  into  silicates  chiefly,  either  in  the  acid  radical  or 
the  base.  It  is  most  abundant  in  the  most  alkalic  feldspathic 
rocks,  where  it  enters  rare  silicate  compounds.  Thorium  and 
cerium  are  much  rarer  elements  closely  allied  to  zirconium  in 
characters  and  occurrence.  Lead,  tin,  and  germanium  are 
extremely  rare  as  constituents  of  igneous  rocks. 
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Carbon  is  rarely  present  as  a  constituent  of  unquestionably 
pyrogenetic  mineralSi  Its  presence  in  pyrogenetic  calcite  in 
nephelite-syenites  in  Ontario  is  probably  the  result  of  its  absorp- 
tion in  the  magma  along  its  contact  with  limestone. 

GROUP  V 

Tantaljjm,  columbium,  and  vanadium  are  pentavalent  ele- 
ments which  form  weak  bases  in  some  compounds  and  some- 
what stronger  acids  in  others.  They  are  rare  elements  in 
igneous  rocks,  especially  vanadium,  which  is  closely  related  to 
phosphorus  chemically.  Bismuth,  antimony,  and  arsenic  are 
seldom  if  ever  found  in  igneous  rocks.  They  are  both  pen- 
tavalent and  trivalent.  Bismuth  is  base-forming;  antimony  is 
both  base-forming  and  acid-forming;  while  arsenic  is  chiefly 
acid-forming.  They  are  very  similar  chemically  to  phosphorus 
and  nitrogen. 

Phosphorus,  which  is  widely  distributed  in  small  amounts  in 
igneous  rocks,  has  three  valencies,  penta-,  tetra-,  and  trivalent. 
It  is  an  acid-forming  element.  It  forms  a  number  of  different 
acids.  Nitrogen  has  the  same  valencies  as  phosphorus,  and  is 
wholly  acid-forming.  It  is  found  in  only  one  pyrogenetic 
mineral  in  very  small  amounts  together  with  helium. 

Ta,  Cb.  Tantalum  and  columbium  (niobium)  are  pentavalent  elements, 
capable  of  foiming  weak  bases  but  usually  occurring  as  columbates  or  tan- 
talates.  They  are  rare  elements,  usually  occurring  in  granite  pegmatites  and 
to  a  less  extent  in  syenite  pegmatites. 

RCbjOa  •  R(Ti,Th)Ot  •  NaF,  also  RaCbaO^  •  R(Ti,Th)03  •  NaF,  etc.  Pyro- 
CHLORB.  Chiefly  a  columbate  of  the  cerium  metals,  calcium  and  other  metals, 
with  titanium,  thorium,  and  fluorine;  having  47.13  to  58.27  CbgOg.  Occurs 
in  nephelite-syenite  in  Norway  and  in  the  Ural. 

2R(Cb,Ta)30<,  •Ra(Cb,Ta)a07.  Hatchettolite.  A  tantalocolumbate  of 
uranium,  with  less  calcium  and  iron;  having  about  29.83  Ta^Os  and 
34.24  CbjOg.     Occurs  in  granite  pegmatite  in  Mitchell  County,  N.  C. 

CajTajOy  pt.  MiCROLrrE.  Calcium  pyrotantalate  with  columbium,  fluorine, 
and  a  variety  of  metals  in  small  amounts.  About  68.43  TaaO^,  7.74  NbaO^. 
Occurs  in  granite  pegmatite  in  several  localities. 

(Y,Er,Ce)(Cb,Ta)04.  Ferqusonite.  Metacolumbate  and  tantalate  of 
yttrium,  erbium,  cerium,  uranium,  etc.;  having  about  46.0  (Cb,Ta)aOg. 
Occurs  in  granite  pegmatite,  especially  in  Llano  County,  Texas. 

EiCbO^.  SiPYLiTE.  A  columbate  of  erbium  chiefly,  with  cerium  metals, 
etc.     About  47.0  CbjO^.    Occurs  in  granite  (?)  in  Amherst  Coimty,  Va. 
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(Fe,Mn)(Cb,Ta),Oe.  Columbite  and  Tantaltte.  Varying  in  composition 
from  nearly  pure  columbate,  colmnbite,  with  82.7  Cbfi^f  to  neariy  pure  tan> 
talate,  tantalite,  with  86.1  Ta^O,.  These  are  the  commoner  compounds,  and 
occur  rather  widespread  in  granite  pegmatites. 

Fe(Ta,Cb),Oe.    Tapiolite.     73.9  Ta^O,,  11.1  Cb,Oj,  15.0  FeO  -  100.    A 

rare  mineral  occurring  in  granite  pegmatite  in  Sukula,  Finland. 

II  III 

RR,(Ta,Cb)40,5  +  4  H,0.     Yttrotantalite.     A  tantalate  and  columbate 

of  yttrium,  iron,  calcium,  and  other  metals,  having  46.25  Ta^Oj,  12.32  Cb,0g. 

Occurs  in  granite  pegmatite. 

II  III  It  III 

R,R,(Cb,Ta),0„.    Samarskftb.    R  =  Fe   and    UO,    chiefly;   and    R  - 

cerium  and  yttrium  metals.     About  41.0  CbjOg,  14.0  Tsifi^'    Occurs  in  granite 

pegmatite. 

ANNERODrrB.  A  pyrocolumbate  of  uranium  and  yttrium  with  other  ele- 
ments.    About  48.13  CbsOg.     Occurs  in  granite  pegmatite  in  Norway. 

4  RO  •  3Taa05?  Hielmite.  A  stannotantalate  (and  columbate)  of  yttrium, 
iron,  manganese,  calcium;  having  about  54.52  Ta^O^,  16.35  CbjO^;  occurring 

in  granite  pegmatite  in  Sweden. 

III  III 

R^Cb^Oi,  -  R2(Ti,Th)50,3.  JEschysite.    A  columbate  and  titanate  (thorate) 

of  the  cerium  metals  chiefly,  with  about  32.51  Cb^O^.    Occurring  in  granite 

pegmatite. 

in 
R((Cb,Ta)0,),  •  5  R((Ti,Zr)0,)3.   Poltmignite.   A  columbate  and  titanate 

(zirconate)  of  the  cerium  metals,  iron,  calcium,  having  11.99  CbsO^,  1.35  TajO^. 

Occurs  in  nephelite-syenite. 

HI  III  III 

R(CbOa)  •  RjCTiOa),  •  f  H,0.  Euxenite.  R  =  yttrium,  erbium,  cerium,  and 

uranium,  with  about  35.  Cb^Og.    Occurs  in  granite  pegmatite. 
Ill  III 

RCCbOg),  •  2  R(TiO,),  •  3  H^O.    Polycrase.    Composition  similar  to  that 

of  euxenite.     Occurs  in  granite  pegmatite. 

Columbium  and  tantalum  also  occur  in  small  amounts  in  a  few  of  the 
rarer  silicates  as  follows:  11.58  to  14.47  CbsOg  in  wdhlerite;  5.20Ta,O5in 
lavenite;  3.52  TaaO^  in  eucolite;  3.65Ta,Og  in  melanocerite;  3.11  TajO^  in 
caiyocerite;  3.09  TagO^  in  tritomite.  These  minerals  occur  in  nephelite- 
syenite. 

V.  Vanadium  is  an  extremely  rare  element  in  igneous  rocks,  being  found 
in  traces  in  some  rock  analyses,  but  not  being  a  notable  constituent  in  any 
pyrogenetic  rock  mineral  so  far  as  known  at  present. 

P.  Phosphorus  belongs  to  the  same  group  as  vanadium  and 
the  two  elements  just  described,  and  in  some  compounds  is 
isomorphous  with  vanadium,  but  it  difiFers  in  most  respects 
from  these  elements  and  enters  different  pyrogenetic  com- 
pounds from  those  formed  by  columbium  and  tantalum.  It  is 
widely  distributed  in  small  amounts  in  neariy  all  igneous  rocks, 
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chiefly  as  calcium  fluophosphate;  other  pyrogenetic  phosphates 
occur  in  pegmatites. 

(CaF)Ca4(P04)3    J^^!^^^    42.3  P2O5,  55.5  CaO,  3.8  F- 101.6 
(CaCl)Ca4(P04)3  ap^^Je.    41.0  P2O5,  53.8  CaO,  6.8  CI  =  101.6. 

The  fluor-apatites  are  the  commoner,  and  occur  in  small 
amounts  in  nearly  all  igneous  rocks. 

(Y,CefSr)P04.  Xbnotimb.  If  all  yttrium,  then  38.6  P^Og,  61.4  Y.O,. 
Erbium  may  be  present  in  lazge  amount,  also  cerium,  iron,  silicon,  and 
thorium.    Occurs  in  granite  pegmatite. 

(Ce,La,Di)P04.  MoNAzrrs.  About  30.  P^O,  at  most;  may  contain 
small  amounts  of  silicon  and  thorium.    Occurs  in  granite  pegmatite. 

Li(Fe,Mn)P04.  TRiPHYLirB  and  Ljthiophilitb.  About  45.0  P,0,.  The 
relative  amounts  of  iron  and  manganese  vary  from  45.5  FeO  and  no  man- 
ganese in  triphylite,  to  45.1  MnO  and  no  iron  in  lithophilite ;  there  being 
9.5  to  9.6  Li,0  in  each.  Accompanies  other  lithium  minerals  in  granite 
p^matite. 

NaGlP04.  BBRTLLONrra,  with  55.9  PaOft,  19.7  GIO,  24.4  Na,0=  100.  Occurs 
in  granite  pegmatite. 

(CaF)GlP04.  Herderfte,  with  fluorine  in  part  replaced  by  hydroxyl.  If 
OH  :  F  -  1  :  1,  then  43.8  PaO^,  15.4  GIO,  34.6  CaO,  5.9  F,  2.8  H^O  -  102.5 
less  2.5  O  for  F  =»  100.    Occurs  in  granite  pegmatite. 

(RF)RP04.  Triplite.  R  »  Fe  and  Mn,  also  Ca  and  Mg,  in  variable  pro- 
portions, with  30.0  to  35.0  P^O^.     Occurs  in  granite  pegmatites. 

(R0H)RP04.  TRiPLOiDrTE.  32.0  P^Oj,  16.2  FeO,  47.8  MnO,  4.0  H,0  - 100. 
Occurs  with  triplite  in  granite  pegmatite  at  Branchville,  Conn. 

Li(AlF)P04.  AMBLYQONrrE.    47.9PA,  34.4Ala03,  10.lLi,O,  12.9F- 105.3 
less  5.3  O  for  F»  100.    Occurs  in  granite  pegmatite. 

Several  hydrous  phosphates,  dickinsonite,  eosphorite,  etc.,  which  occur  in 
granite  pegmatites  associated  with  anhydrous  phosphates  are  probably 
secondary  minerals. 

Nitrogen,  it  is  interesting  to  note,  though  abundantly  present  in  the 
atmosphere,  is  not  present  in  igneous  rocks  in  notable  amounts,  nor  does  it 
enter  into  the  composition  of  any  pyrogenetic  mineral  except  uraninite,  in 
which  it  may  be  accompanied  by  helium  as  in  the  case  of  the  granite  pegmatite 
at  Branchville,  Conn.  It  is  well  known  that  nitrates  are  almost  always 
easily  soluble  and  therefore  unstable  compounds. 
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GROUP  VI 

Uranium,  Tungsten,  and  Moltbdenum  are  hexavalent  and 
yield  acid  anhydrides,  and  enter  acid  radicals;  uranium  also 
forms  bases,  and  is  also  tetravalent.  They  are  rare  elements 
in  igneous  rocks.  Chromium  is  hexavalent,  also  trivalent  and 
bivalent;  with  the  latter  valencies  it  resembles  and  is  sometimes 
isomorphous  with  iron.  It  yields  an  acid  anhydride  CrOs  when 
hexavalent,  and  two  basic  hydroxides  Cr(0H)2  and  Cr(0H)3  when 
exhibiting  other  valencies. 

Tellurium  and  Selenium  have  not  yet  been  found  in  pyro- 
genetic  minerals.  Sulphur  is  present  in  small  amounts  in  some 
rocks  and  in  notable  amounts  in  exceptional  ones.  It  is  some- 
times hexavalent,  but  oftener  bivalent;  also  trivalent,  tetrava- 
lent, and  heptavalent.  Its  oxides  form  strong  acids.  It  is 
chemically  somewhat  analogous  to  oxygen,  but  is  most  like 
selenium  and  tellurium. 

Oxygen,  the  most  abundant  ele'ment  in  igneous  rocks,  is  in 
most  cases  bivalent,  and  is  an  extremely  active  element,  and 
enters  into  combination  with  most  other  elements.  It  forms 
an  essential  component  of  most  acid  radicals. 

U.  Uranium,  a  rare  element  having  various  valencies,  is  hexavalent 
in  some  compoimds.  It  occurs  very  sparingly  in  igneous  rocks,  chiefly  as 
uraninite,  a  uranate  of  uranyl,  together  with  lead,  thorium,  zirconium,  often 
with  the  cerium  and  yttrium  metals.  The  proportions  of  UO3  to  UO,  vary 
widely.  There  is  generally  over  80  per  cent  of  uranium  oxides,  and  from 
3.0  to  11.0  PbO,  and  sometimes  nitrogen  and  helium.  Uraninite  occurs  in 
granite  pegmatite. 

Uranium  enters  into  the  composition  of  several  columbium  and  tantalum 
minerals.  There  is  about  15.5  UO,  in  hatchettolite;  19.47  UO,  in  polycrase; 
16.28  UO  in  annerddite;  13.48  UO,  in  some  samarskite;  12.12  UO,  in 
euxenite;  4.87  UO,  in  hielmite;  8.16  UO,  in  some  fergusonite;  3.47  UO  in 
sipylite;  1.61  UO,  in  yttrotantalite ;  1.59  UO,  in  microlite.  Uranium  also 
occurs  in  a  variety  of  the  silicate,  thorite,  which  may  contain  as  much  as 
9.78  UjOa,  Arendal,  Norway. 

W.  Tungsten  is  a  still  rarer  element  in  igneous  rocks  than  uranium.  The 
only  tungstate  that  may  possibly  be  a  pyrogenetic  mineral  in  some  granite 
pegmatites  is  scheelite,  CaWO,;  80.6  WO3,  19.4  CaO  =  100.  Molybdenum 
may  replace  tungsten  to  some  extent.  Tungsten  occurs  in  small  amounts  in 
a  number  of  pyrogenetic  columbates  and  tantalates,  being  most  noticeable  in 
yttrotantalate,  with  2.36  WO3.  In  these  minerals  it  is  usually  associated 
with  tin  oxide,  SnO,,  and  there  is  generally  less  than  one  per  cent  of  WO,. 
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Mo.  Molybdenum  occurs  in  molybdenite,  MoSj,  which  is  sometimes  dis- 
seminated through  granite,  syenite,  nephelite-syenite,  and  their  pegmatites; 
and  may  possibly  occur  in  another,  scheelite,  just  mentioned. 

Cr.  Chromium  is  hexavalent  in  some  compounds,  but  possesses  other 
valencies,  and  is  usually  considered  to  be  trivalent  in  the  pyrogenetic  min- 
erals. 

S.  Sulphur,  which  is  so  intimately  associated  with  volcanic  eruptions, 
is  not  an  abundant  constituent  of  igneous  rocks.  It  is  widely  distributed  in 
small  amounts  as  a  sulphide,  is  present  in  several  rather  common  silicates, 
but  never  occurs  as  a  sulphate. 

FeSj.  Pyrite,  with  53.4  S,  is  very  commonly  present  in  small  amounts  in 
igneous  rocks  as  a  pyrcjgenetic  compound. 

Fe„S„^.,.  Pyrrhotite,  with  about  39.0  S,  is  less  common  than  pyrite,  but 
occurs  in  considerable  amounts  in  the  less  siliceous  rocks  with  the  following 
sulphides  in  certain  localities: 

FeCuSa.     Chalcopyrite,  with  about  35.0  S. 

(Fe,Ni)S.     Pentlanditb,  with  about  36.0  S. 

Sulphur  is  present  in  the  silicates,  haiiynite  and  noselite,  with  from  7.30  to 
13.25  SO3;  and  in  helvite  and  danalite,  with  about  5.0  S. 

0.  Oxygen  is  the  most  abundant  element,  and  constitutes 
about  47  per  cent  of  the  average  igneous  rock.  It  enters 
nearly  every  chemical  compound  that  forms  pyrogenetic  min- 
erals, certainly  all  those  present  in  any  considerable  amount. 
There  are  very  small  amounts  of  primary  sulphides  or  fluorides 
in  some  igneous  rocks,  but  sulphides  are  very  abundant  in 
exceptional  cases.  Still  smaller  amounts  of  native  elements, 
such  as  gold,  platinum,  iron,  and  carbon  in  the  form  of  dia- 
mond, are  found  as  primary  constituents  of  igneous  rocks. 

GROUP  VII 

Manganese  exhibits  various  valencies,  the  highest  being 
heptavalent.  In  pyrogenetic  compounds  it  is  usually  bivalent 
or  trivalent  and  is  isomorphous  with  iron.  Iodine  and  bromine 
are  not  known  as  components  of  igneous  rocks,  but  chlorine  is 
sometimes  present  in  small  amounts.  It  is  univalent  in  most 
compounds,  but  may  be  heptavalent  in  others.  Fluorine  is  a 
univalent  element  in  most  of  its  compounds;  is  one  of  the  most 
active  elements,  and  unites  with  every  other  element  except 
oxygen.  It  occurs  in  small  amounts  in  quite  a  number  of 
pyrogenetic  minerals,  and  is  a  prominent  factor  in  many  pneu- 
matolytic  processes. 
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Q.  Chlorine  behaves  as  a  univalent  element  in  most  of  its  compounds;  it 
may  under  certain  conditions  be  heptavalent.  It  is  but  sparingly  present 
in  igneous  rocks,  though  a  conmion  accompaniment  of  volcanic  eruptions. 
It  enters  only  a  few  pyrogenetic  minerals.  There  is  5.0  CI  in  some  Nor- 
wegian apatites,  in  most  others  there  is  less  than  1.0  CI.  It  enters  into  the 
composition  of  three  pyrogenetic  silicates:  sodalite,  with  1.7 CI;  a  variable 
amount  in  noselite,  usually  less  than  1  per  cent ;  and  eudial3rte  (eucolite),  with 
as  much  as  1.7  CI  in  some  cases.  There  is  sometimes  a  trace  of  chlorine  in 
fluorite. 

F.  Fluorine  is  generally  univalent  like  chlorine,  but  is  more  active,  being 
more  active  than  oxygen.  It  is  present  in  very  small  amounts  in  many 
igneous  rocks,  in  a  few  fluoride  compounds,  and  in  a  iiumber  of  silicates  and 
other  compounds  as  a  fluorine  radical. 

CaF,.  FLUORrrE.  48.9  F,  51.1  Ca  »  100.  Sparingly  present  as  a  pyro- 
genetic mineral  in  various  igneous  rocks,  especially  granite,  syenite,  and 
nephelite-syenite. 

(Ce,La,Di)F,.  Ttsonitb,  with  29.44  F,  occurs  with  feldspar,  probably  in 
granite  pegmatite,  in  the  Pikes  Peak  region,  Colorado. 

RjOF^  or  R,0,4RF,.  Fluocbrite,  with  19.49  F,  in  which  R-cerium 
metals  chiefly,  with  some  of  the  yttrium  group,  is  closely  related  to  tysonite, 
and  occurs  in  granite  pegmatite  at  Osterby,  Sweden. 

Na^F..  Cryolite.  54.4  F,  12.8  Al,  32.8  Na  =  100;  occurs  in  granite  at 
Ivigtut,  Greenland.  It  also  occurs  in  granite  at  the  southern  base  of  Pikes 
Peak,  Colorado.     Its  pyrogenetic  character  is  in  doubt. 

5  NaF.3  AlFj.  Chioutb.  57.7  F,  17.5  Al,  24.8  Na*=  100;  associated  with 
cryolite  in  Greenland,  and  also  in  granite  with  ciyolite  near  Miask,  Ilmen 
Mountains. 

Fluorine  enters  into  the  composition  of  numerous  pyrogenetic  silicates, 
chiefly  those  crystallized  in  pegmatites.  It  occurs  in  small  amounts  in  some 
ampbiboles,  is  more  notable  in  the  micas;  there  being  as  much  as  1.26  F  in 
some  muscovite,  variable  amounts  up  to  4.0  F  in  biotite,  and  from  5.0  to  8.0  F 
in  lepidolite.  Fluorine  is  most  notable  in  topaz  with  a  possible  maximum 
of  17.6  F.  There  is  less  than  1.0  F  in  tourmaline.  In  the  rare  pyroxenic 
minerals  there  are  the  following  amounts:  5.83  in  rosenbuschite ;  5.83  in 
hjortdahlite;  3.82  in  lavenite;  2.98  in  wdhlerite.  In  the  melanocerite 
group  there  is  5.78  F  in  melanocerite ;  5.63  in  caryocerite ;  4,29  in  tri- 
tomite.  In  the  leucophanite  group  there  is  7.9  F  in  leucophanite ;  5.0  in 
meliphanite.  In  the  titanosilicates  there  is  7.48  F  in  johnstrupite;  5.82 
in  rinkite;  2.57  in  mosandrite.  In  the  columbates  and  tantalates  there  is 
3.75  F  in  pyrochlore;  2.85  in  microlite;  and  less  than  1.0  in  feigusonite.  In 
the  phosphates  there  is  11.32  F  in  herderite;  11.26  in  amblygonite;  and 
3.50  in  fluor-apatite.  Traces  of  fluorine  are  sometimes  found  in  other  pyro- 
genetic minerals 
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GROUP  vm 

Of  the  elements  placed  in  this  group  there  are  three  sub- 
groups, two  of  which  are  scarcely  represented  among  the  con- 
stituents of  igneous  rocks.  However,  platinum  with  osmium, 
IRIDIUM,  RHODIUM,  RUTHENIUM,  and  PALLADIUM,  occur  in  traces 
in  mineral  constituents  of  rocks  low  in  silicon  and  rich  in 
magnesium  and  iron,  the  peridotites.  Iron  is  one  of  the  most 
abundant  elements,  while  cobalt  and  nickel  occur  in  very 
small  amounts  in  the  rocks  just  mentioned,  peridotites.  These 
elements  have  been  noticed  in  connection  with  elements  of 
Group  II. 

Occurrence  of  the  Pyrogenetic  Compounds.  —  The  elements 
and  compounds  just  described  occur  in  igneous  rocks  as  solids 
in  most  cases;  in  a  very  few  instances  as  liquids,  and  also  as 
gases.  Those  that  are  solids  are  always  crystallized.  In  a  few 
cases  they  are  uncombined  elements,  such  as  gold,  diamond, 
metallic  iron.  There  are  some  simple  definite  compounds 
without  variableness  in  composition,  such  as  Si02,  quartz; 
Ti02,  rutile;  AI2O3,  corundum;  CaTiSiOg,  titanite.  But  most 
of  them  have  not  a  fixed  composition  because  of  the  possi- 
bility of  isomorphous  mixture  and  of  solid  solutions;  some  of 
these  are  comparatively  simple  compounds,  others  are  more 
or  less  complex.  To  the  former  belong  (Zr,(Th))Si04,  zircon; 
(K,(Na))AlSi308,  orthoclase;  (Mg,Fe)2Si04,  olivine;  among  the 
more    complex    are:    (H,K,)2(Al,Fe)2(Mg,Fe)2(Si04)3,    biotite; 

KLi[Al(OH,F)2]Al(Si03),      lepidoUte;       Ca(Mg,Fe,Mn,Na2[Al, 

III 

Fe(OH,F)])3(Si03)4,  hornblende. 

There  are  few  examples  of  polymorphism,  as  with  Si02, 
quartz  or  tridymite;  CaTiSiOs,  titanite  or  guarinite;  possibly 
Ti02,  rutile,  anatase,  or  brookite.  Such  differences  as  appear 
to  exist  in  the  crystallization  of  orthoclase  and  microcline, 
KAlSi308,  are  probably  to  be  explained  as  the  result  of  sub- 
microscopic  twining  in  the  more  symmetrical  form,  orthoclase. 
Polymorphic  forms  of  some  of  the  pyrogenetic  compounds  such 
as  CaSiOa  and  MgSi03,  which  are  known  in  laboratory  prod- 
ucts, are  not  commonly  developed  in  the  pyrogenetic  minerals. 
Though  it  is  possible  that  several  forms  of  MgSi03  occur. 

Compounds  that  are  known  to  be  isomorphous  in  laboratory 
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productions,  or  that  are  such  in  minerals  developed  in  rocks  of 
various  kinds,  are  not  always  developed  with  equal  frequency, 
or  in  some  cases  not  at  all,  as  pyrogenetic  compounds.  Thus 
NaAlSi04,  sodium-nephelite;  KAlSi04,  kaliophilite;  LiAlSi04, 
eucryptite,  have  like  crystal  symmetry  and  forms,  and  Na,  K 
and  Li  in  some  instances  enter  compounds  isomorphously,  but 
only  one  compound  —  nephelite  —  occurs  as  a  p3rro genetic 
mineral,  and  the  potassium  in  it  does  not  appear  to  be  pres- 
ent as  an  orthosilicate,  but  as  another  silicate  in  solid  solu- 
tion. (H,K)AlSi04,  muscovite;  (H,Na)AlSi04,  paragonite; 
(H,Li)AlSi04,  lepidolite  in  part,  are  known  as  similar  rock  min- 
erals, but  the  sodium  compound  is  never  pyrogenetic,  and 
sodium  seldom  enters  the  pyrogenetic  micas  in  notable  amounts. 

Compounds  which  are  chemically  similar,  and  might  be 
expected  to  be  isomorphous,  have  quite  different  crystal  sym- 
metry in  some  cases,  such  as  KAl(Si03)2,  leucite;  NaAl(Si03)2, 
jadeite;  LiAl(Si03)2,  spodumene.  Again  the  sodium  compound 
is  not  a  common  pyrogenetic  mineral,  if  it  occurs  in  this  manner 
at  all.  On  the  other  hand,  of  the  compounds  KAlSigOg,  micro- 
cline  (orthoclase) ;  NaAlSiaOg,  albite;  LiAlSiaOg  (unknown) 
the  first  two  are  isomorphous,  and  to  some  extent  enter  the 
same  crystals,  but  the  third  is  not  known  to  occur  in  rocks. 
Finally,  of  the  three  possible  corresponding  disilicates  only 
one,  Li Al (81205)2,  petalite,  is  known  as  a  rock  mineral.  Simi- 
lar observations  might  be  made  on  the  metasilicates  of  calcium, 
magnesium  and  iron,  the  pyroxenes  and  amphiboles,  and  also 
with  regard  to  the  orthosllicates  of  the  same  elements  In  the 
olivine  group. 

With  respect  to  the  various  silicate  compounds  involving 
different  silicic  acids  it  is  to  be  noted  that  orthosilicates,  meta- 
silicates, polysilicates,  in  very  rare  instances  disilicates  and 
uncomblned  silica  may  crystallize  from  the  same  rock  liquid; 
and  even  elements  that  are  base-forming  under  some  condi- 
tions may  separate  from  magmas  containing  uncombined  silica. 
Thus  mica,  amphibole,  orthoclase,  quartz  and  magnetite  or 
hematite,  often  occur  In  association  in  igneous  rocks.  It  not 
Infrequently  happens  that  the  orthosilicate,  olivine,  and  quartz 
crystallize  from  the  same  magma.  But  it  does  not  happen 
that  the  orthosilicate,  nephelite,  and  quartz  crystallize  together. 
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Moreover,  some  base-forming  elements  commonly  combine  with 
several  silicic  acids,  while  others  have  a  more  restricted  range. 
Thus  the  alkaUes  occur  in  polysilicates,  metasilicates  and  ortho- 
silicates,  and  Uthium  even  in  a  disilicate;  calcium,  magnesium 
and  iron  in  metasilicates  and  orthosilicates. 

It  is  known  that  a  molten  magma  of  intermediate  compo- 
sition may  crystallize  into  one  combination  of  minerals  under 
one  set  of  physical  conditions,  and  into  another  combination  of 
minerals  under  another,  which  follows  from  the  fact  that  the 
same  elements  enter  numerous  mineral  compounds,  and  also 
that  silicic  acids  of  different  kinds  may  be  developed  under 
different  conditions.  It  is  also  well  known  that  certain  min- 
erals are  frequently  associated  together,  others  seldom,  if  ever. 

All  of  these  observations  and  many  other  facts  that  might  be 
mentioned  properly  raise  questions  as  to  why  each  should 
occur,  and  what  is  known  as  to  the  conditions  that  may  control 
the  production  of  one  or  another  mineral  compound;  the  order 
in  which  they  may  separate  from  the  liquid  magma;  and  the 
shapes  or  forms  of  the  different  kinds  of  crystals.  Answers  to 
such  questions  may  be  found  in  part  in  the  discussion  of  the 
chemical  and  physical  characters  of  liquid  magmas,  and  of 
the  compounds  that  may  crystallize  from  them,  which  forms  the 
subject  of  succeeding  chapters. 


CHAPTER  III 

PRINCIPLES  OF  PHYSICS  AND  CHEMISTRY  APPLICABLE  TO 

ROCK  MAGMAS 

Introduction.  —  The  evidences  that  what  are  known  as 
igneous  rocks  were  once  liquid  magmas  with  more  or  less 
fluidity  are  manifold.  Molten  lavas  may  be  observed  flowing 
from  volcanic  craters  or  from  Assures,  and  upon  cooling  are 
found  to  be  composed  of  crystals  usually  with  some  amorphous 
rock  glass.  In  some  instances  the  rock  is  almost  wholly  glass, 
as  with  certain  pumices  and  obsidians.  Many  igneous  rocks 
whose  eruption  was  not  witnessed,  or  that  did  not  reach  the 
surface  of  the  earth  at  the  time  of  their  eruption,  are  found  to 
contain  glass,  and  their  once  molten  condition  is  in  this  way 
indicated.  Moreover,  there  may  be  evidences  of  their  once 
highly  heated  and  fluid  condition  in  the  fusing  or  baking  of 
adjacent  rocks  along  their  contact,  or  in  other  signs  of  thermo- 
metamorphism;  and  in  the  shapes  of  their  masses  and  their 
position  with  respect  to  the  rocks  through  which  they  have 
been  erupted.  And  while  the  position  and  arrangement  of 
some  of  the  crystals  may  in  certain  cases  prove  that  they  were 
transported  in  a  flowing  liquid,  in  other  instances  they  demon- 
strate with  equal  clearness  that  all  of  the  crystals  were  formed 
after  the  fluid  magma  came  to  rest,  and  that  the  rock  magma 
at  that  time  was  wholly  liquid.  And  though  some  rocks  may 
be  wholly  crystalline,  without  vestige  of  glass,  their  corre- 
spondence in  all  other  respects  to  rocks  containing  glass  proves 
conclusively  that  such  rocks  were  originally  in  a  molten  con- 
dition. 

Experimental  proof  to  the  same  effect  has  been  furnished  by 
the  researches  of  James  Hall*  of  Edinburgh  in  1797,  and  those 
of  Gregory  Watt'  in  1804,  and  more  recently  by  the  investi- 

^  Hall,  James.  Experiments  on  Whinstone  and  Lava  (1798).  Trans.  Roy. 
Soc.  Edinbui^h,  vol.  5,  1805,  pp.  43-76. 

'  Watt,  Gregory.  Observations  on  Basalt  and  on  the  Transition  from 
the  Vitreous  to  the  Stony  Texture,  etc.  Phil.  Trans.  Roy.  Soc.  London, 
1804,  p.  179. 
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gationa  of  Daubr^e/  and  of  Fouqu6  and  Michel-L6vy,=  of 
Morozewicz'  and  others,  all  of  whom  succeeded  in  producing 
crystalline  masses  similar  to  certain  kinds  of  igneous  rocks  by 
the  simple  cooling  of  fused  magmas  of  the  requisite  chemical 
composition. 

At  one  time  the  physical  character  of  molten  rock  magmas 
was  in  dispute,  and  the  possibility  of  a  rock  like  granite  ever 
having  been  a  molten  liquid  was  denied  by  some.  But  in  1861 
Bunsen*  pointed  out  the  correspondence  between  liquid  rock 
magmas  and  solutions  of  salts,  calling  attention  to  the  fact  that 
the  order  of  crystallization  of  the  minerals  in  granite  is  not  in 
accord  with  their  fusibility,  and  that  their  order  of  separation 
from  the  magma  upon  cooling  is  what  it  should  be  if  they  were 
in  solution  in  one  another  and  obeyed  the  laws  governing  the 
solution  of  salts.  He  remarks  that  "  no  chemist  would  think 
of  assuming  that  a  solution  ceases  to  be  a  solution  when  it  is 
heated  to  200,  300  or  400  degrees,  or  when  it  reaches  a  tem- 
perature at  which  it  begins  to  glow,  or  to  be  a  molten  fluid." 
Schott*  considered  molten  glasses  as  supersaturated  solutions 
analogous  to  salt  solutions,  and  Lagorio'  has  assumed  that  a 
molten  rock  magma  is  nothing  more  than  a  solution  of  different 
silicates  and  other  compounds.  It  is  now  universally  believed 
that  rock  magmas  are  solutions  of  various  compounds  at  high 
temperatures  which  may  behave  in  a  manner  similar  to  solu- 
tions of  other  compounds  at  lower  temperatures,  whose  physical 
and  chemical  characters  may  be  more  easily  investigated. 

The  researches  by  Vogt^  upon  furnace  slags,  which  in  many 
respects  are  analogous  to  rock  magmas;  the  work  of  Doelter '  and 
his  assistants  upon  the  behavior  of  silicate  mixtures,  and  the 

*  Daubr^,  A.  Etudes  synth^tiques  de  g^logie  exp^rimentale.  Paris, 
1879,  p.  517. 

'  Fouqu6,  F.,  and  Michel-L^vy,  A.  Synthase  des  mineraux  et  des  roches. 
Paris,  1882. 

'  Morozewicz,  J.  Tscher.  min.  petr.  Mitth.,  vol.  18,  pp.  1-90,  and 
105-240,  1898. 

*  Bunsen,  R.     Zeitschr.  deutsch.  geol.  Gesell.,  vol.  13,  1861,  p.  62. 

*  Schott,  Poggendorff  Annalen,  vol.  154,  p.  422. 

*  Lagorio,  A.     Tscher.  min.  petr.  Mitth.,  vol.  8,  1887,  p.  437. 

'  Vogt,  J.  H.  L.  Die  SilikatschmelzlOsungen,  etc.  Videnskabs-Sels- 
kabets  Skrifter,  I  Math.-naturv.  Klasse,  1903,  No.  8;  and  1904,  No.  1. 

'  Doelter,  C.  Numerous  publications  in  Neues  Jahrb.  Min.  Petr.,  etc., 
and  in  Tscher.  min.  petr.  Mitth. 
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more  exact  investigations  of  Day  ^  and  his  colleagues  upon  the 
character  and  production  of  silicate  minerals,  have  thrown  much 
light  upon  the  subject  of  the  ph3rsical  nature  of  liquid  rock  mag- 
mas and  of  their  solidification  to  rocks.  But  the  difficulties 
attending  the  investigation  of  silicate  solutions  at  high  tempera- 
tures, especially  at  pressures  corresponding  to  those  under  which 
the  crystallizatton  of  many  rock  magmas  has  taken  place,  and 
with  the  content  of  gases  known  to  exist  in  them,  render  it  neces- 
sary for  us  to  derive  our  conceptions  of  the  possible  molecular 
constitution  of  the  magmas,  and  of  the  laws  controlling  their 
crystallization,  from  the  investigations  and  theories  concerning 
solutions  of  other  compounds  that  are  liquid  at  lower  tempera- 
tures. In  order  to  obtain  a  reasonable  understanding  of  the  crys- 
tallization and  solidification  of  rock  magmas  and  therefore  of 
the  mineral  and  textural  characters  of  igneous  rocks,  it  will  be 
advisable  to  review  somewhat  thoroughly  certain  principles 
affecting  the  physical  chemistry  of  solutions  and  of  their  crys- 
tallization. 

KINETIC  THEORY  OF  GASES  AND  LIQUIDS 

The  behavior  of  gases  toward  changes  of  temperature,  pressure 
and  volume,  the  diffusion  of  liquids  in  one  another,  and  even  of 
solids  in  solids,  has  led  to  the  conception  of  gases,  liquids,  and 
solids  being  composed  of  particles,  or  molecules,  which  are  in  con- 
stant motion  at  all  temperatures  above  absolute  zero,  a  tempera- 
ture at  which  such  motion  would  cease.  In  gases  the  assumption 
is  that  the  molecules  are  continually  moving  in  all  directions  in 
straight  lines,  at  a  high  velocity,  and  dlmost  independently  of  one 
another.  The  impact  of  the  molecules  against  one  another  and 
the  walls  of  a  containing  vessel  produces  the  pressure  which  the 
gas  exerts,  or  under  which  it  exists.  The  cohesion  of  the  mole- 
cules is  a  negligible  quantity  as  compared  with  the  kinetic  energy 
of  the  molecules  in  the  case  of  dilute  gases,  but  becomes  a  quali- 
fying factor  when  the  gas  is  under  greater  pressure  and  is  denser. 

In  liquids  the  cohesion  plays  a  greater  role  than  in  gases,  as  is 
shown  by  the  cohesion  of  the  particles  to  form  a  drop,  and  in  what 
is  known  as  surface  tension.     But  it  is  not  sufficient  to  hold 

^  Day,  A.  L.,  et  alia.  Numerous  publications  in  Am.  Jour.  Sci.  and  in 
Publications  of  the  Carnegie  Institution,  Washington. 
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together  all  the  molecules,  some  of  which  escape  as  vapor  from 
liquids  at  various  temperatures.  If  the  escaping  molecules  are 
retained  in  a  closed  space  there  is  a  limit  to  the  amount  of  vapor 
that  may  escape  from  a  given  liquid  at  a  given  temperature  and 
pressure.  The  molecules  leaving  the  liquid  move  about  within 
the  space,  and  those  striking  the  surface  of  the  liquid  have  as 
much  chance  of  adhering  to  it  as  those  trying  to  escape  have  of 
separating  themselves  from  it.  When  as  many  return  to  it  as 
leave  it  equilibrium  of  action  is  estabUshed. 

The  pressure  that  exists  when  there  is  equilibrium  between  the 
liquid  and  vapor  is  the  vapor  tension  of  the  liquid.  When  the 
temperature  of  the  liquid  is  raised  the  kinetic  energy  of  the  mole- 
cules is  increased,  more  can  escape  from  the  influence  of  the  cohe- 
sion, the  vapor  tension  of  the  liquid  is  raised.  If  the  vapor  from 
a  liquid  is  removed,  there  eventually  results  complete  evapora- 
tion of  the  volatilizing  liquid.  Liquids  differ  greatly  in  the  degree 
to  which  they  vaporize  at  different  temperatures.  Compare  ether 
and  mercury. 

Boiling  Point.  —  When  the  pressure  of  the  vapor  upon  a  liquid  is  equal  to 
the  vapor  tension  of  the  liquid  for  a  particular  temperature  there  is  equilib- 
rium of  action  as  already  said,  and  there  is  no  loss  of  volume  of  the  liquid  by 
evaporation.  With  less  and  less  vapor  pressure  on  the  liquid  there  is  more 
and  more  evaporation,  and  if  there  were  no  pressure,  or  a  perfect  vacuum 
above  the  liquid,  the  liquid  would  pass  rapidly  into  vapor  with  ebullition 
at  any  temperature.  The  act  of  passing  inter  vapor  with  ebullition  is 
called  bmlingf  and  the  temperature  at  which  it.  takes  place  in  each  kind  of 
liquid  under  pressure  is  the  boiling  point.  For  any  liquid  the  temperature 
at  which  boiling  takes  place  increases  with  increase  of  pressure.  The  rela- 
tion between  boiling  point  and  pressure  follows  no  definite  law,  but  must  be 
established  empirically  for  each  kind  of  liquid. 

Critical  Temperature  and  Critical  Pressure.  — When  a  given  vol- 
ume of  gas  is  heated  in  a  closed  vessel  ho  that  the  volume  remains 
constant,  the  increased  kinetic  energy  of  the  molecules  shows 
itsielf  in  increased  pressure  against  the  walls  of  the  vessel,  or  if 
the  gas  is  to  be  kept  at  constant  pressure  its  volume  must  be 
increased.  Hence  if  a  given  volume  of  gas  is  acted  on  by  a  pres- 
sure applied  mechanically  there  would  be  a  diminution  in  the 
volume  unless  a  sufficient  amount  of  heat  were  imparted  to  it  to 
render  the  vapor  tension  equal  to  the  pressure  mechanically 
applied.     Thus  it  is  seen  that  an  increase  of  heat  and  an  increase 
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of  pressure  operate  in  opposite  directions  upon  a  gaseous  body. 
And  since  a  rise  of  temperature  may  cause  a  liquid  to  pass  into 
a  gaseous  state  it  may  be  assumed  at  first  that  by  increasing 
pressure  a  gas  may  be  converted  into  a  liquid.  In  many  instances 
this  is  the  case.  Water  vapor  at  ordinary  temperatures  under 
increasing  pressure  becomes  denser,  and  when  the  pressure 
exceeds  the  vapor  tension  of  water,  for  the  temperature  and 
pressure,  condensation  of  the  vapor  to  water  sets  in.  But  there 
is  a  temperature  above  which  pressure  will  not  cause  liquefaction 
of  water  vapor,  and  at  this  temperature  water  will  become  vapor 
at  any  pressure.  For  water  this  temperature  is  358®  C.  It  is 
called  the  critical  temperature  of  a  liquid  or  gas.  The  pressure 
which  will  just  liquefy  a  gas  at  its  critical  temperature  is  the 
CRITICAL  PRESSURE.  The  density  of  the  Uquid  at  this  temperature 
and  pressure  is  the  same  as  that  of  the  gas,  and  is  called  the 
CRITICAL  DENSITY.  Above  the  critical  point  under  any  pressure 
the  substance  behaves  as  a  gas  and  not  as  a  liquid.  The  term 
vapor  is  commonly  applied  to  a  gas  below  its  critical  tempera- 
ture, when  it  can  exist  in  contact  with  its  liquid  form,  and  when 
sufficiently  compressed  or  cooled  will  condense  to  a  liquid. 

When  carbon  dioxide  gas  above  its  critical  temperature  is  subjected  to  a 
pressure  considerably  above  its  critical  pressure  there  is  such  a  decrease  in 
volume,  that  its  density  must  be  greater  than  that  of  liquid  carbon  dioxide 
at  the  same  pressure  at  a  temperature  somewhat  below  its  critical  temperature. 
The  critical  pressure  for  wetter  is  195  atmospheres  approximately.  At  greater 
pressure  and  at  temperatures  above  358^  C.  the  density  of  water  gas  must  be 
greater  than  that  of  water  at  the  same  pressure,  somewhat  below  its  critical 
temperature.  The  critical  density  of  water  or  of  its  gas  at  critical  temperature 
and  pressure  is  0.429,  when  water  at  4°  C.  is  taken  as  imity.^ 

*  The  following  data  have  been  determined  for  water  at  the  critical  point: 
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6  »  temperature  in  ordinary  centigrade,  fc  —  vapor  pressure  at  0  degrees 
temperature.  ^  »=  critical  volimie  in  terms  of  the  theoretical  volume  of  the 
gas  or  vapor  at  0^  C.  under  a  pressure  of  one  atmosphere,  d  —  density  at 
0  degrees,  water  at  4®  C.  being  taken  —  1.  Physico-Chemical  Tables,  John 
Castell  Evans. 
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KDfETIC  THEORY  OF  SOLmS 

In  solids  the  effect  of  cohesive  forces  in  the  molecules  is  still 
more  apparent  than  in  liquids.  It  requires  much  more  force  to 
move  the  molecules  over  one  another  in  many  cases.  But  since 
there  is  a  transition  from  highly  viscous  liquids  to  plastic  solids, 
and  since  many  solids  are  known  to  vaporize  without  passing 
into  the  liquid  state,  and  since  solids  may  diffuse  through  solids, 
there  must  be  a  similar  state  of  motion  among  the  particles  or 
molecules  of  a  solid  as  in  those  of  liquids.  There  is,  however, 
much  less  kinetic  energy  in  the  molecules  and  greater  effective- 
ness of  the  molecular  cohesion.  When  a  solid  is  heated  the 
kinetic  energy  of  the  molecules  is  increased,  the  effect  of  cohesive 
forces  becomes  relatively  less,  the  tendency  of  the  molecules  to 
separate  from  the  solid  increases.  All  solids  possess  a  vapor 
tension,  which  at  ordinary  temperatures  may  be  almost  negligible, 
but  at  high  temperatures,  approaching  their  melting  point,  become 
considerable,  as  in  the  case  of  platinum.  GeneraDy  at  some  given 
temperature  and  pressure  the  kinetic  energy  is  sufficient  to  over- 
come the  cohesion  characteristic  of  the  solid  and  the  substance 
passes  from  the  solid  to  the  liquid  condition.  This  is  the  melting 
point. 

Change  of  State.  —  A  change  of  state,  from  gas  to  liquid  and 
soUd,  or  the  reverse,  involves  either  an  absorption  or  a  liberation 
of  energy.  In  most  instances  a  change  from  one  state  to  another 
is  accompanied  by  a  marked  difference  in  mobility  of  the  mole- 
cules of  the  substance.  In  such  cases  the  energy  absorbed  or 
liberated  is  an  appreciable  quantity,  often  considerable;  and 
when  it  is  expressed,  or  measured,  in  units  of  heat  the  temperature 
at  which  the  change  takes  place  for  given  pressure  is  definitely 
determinable.  But  when  there  is  no  marked  difference  between 
one  state  and  another,  as  when  a  solid  upon  increasing  tempera- 
ture passes  through  imperceptible  gradations  from  a  slightly 
plastic  solid  to  an  equally  viscous  liquid,  there  is  no  appreciable 
quantity  of  heat  absorbed  at  any  particular  temperature,  and 
consequently  no  definite  melting  point. 

Amorphous  and  Crystallized  Matter.  —  There  are  notable  dis- 
tinctions between  crystallized  and  uncrystallized  matter  which 
it  is  necessary  to  point  out  in  connection  with  the  discussion  of 
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the  possible  states  of  matter  and  the  use  of  the  term  solid.  The 
orderly  arrangement  of  molecules  characterizing  a  crystal  con- 
stitutes a  definite  phase,  or  state,  of  matter,  which  is  distinguish- 
able from  an  amorphous,  or  uncrystallized,  state  of  the  same 
substance  or  compound,  and  also  from  another  crystallized  state 
of  the  same  substance  having  a  different  molecular  arrangement. 
Thus  quartz  is  a  phase  of  silica  distinct  from  silica  glass,  and  dis- 
tinct from  tridymite.  Each  of  these  phases  of  silica  may  be 
described  as  a  soUd. 

There  are  crystals,  of  organic  compounds,  so  plastic  that  they 
cannot  be  called  solids,  but  resemble  highly  viscous  liquids. 
While  other  crystallized  material  is  so  mobile  as  to  be  called 
fluid  crystals.*  Each  of  these  cases  of  crystallized  matter  con- 
stitutes a  phase  distinct  from  the  uncrystallized,  physically  iso- 
tropic, condition  of  the  same  substance.  And  for  this  reason, 
matter  has  been  classed  as  either  physically  isotropic,  or  as  an- 
isotropic. The  first  includes  gases,  liquids  and  uncrystallized 
solid  matter,  which  is  described  as  amorphous.  The  second 
includes  all  crystallized  matter. 

As  already  said,  the  passage  from  one  state,  or  phase,  of  a 
substance  to  another,  is  accompanied  in  most  cases  by  a  marked 
absorption  or  liberation  of  energy,  measurable  as  heat.  And  this 
can  be  recognized  upon  the  passage  of  liquid  to  crystal,  of  amor- 
phous solid  (glass)  to  crystal,  and  of  one  crystal  form  to  another, 
polymorphic,  form.  It  is  recognized  in  the  transition  between 
gas  and  liquid.  But  there  is  no  recognizable  point  at  which  a 
definite  amount  of  energy  is  liberated  or  absorbed  when  a  liquid 
passes  into  an  amorphous  solid  form  of  the  same  composition. 
In  other  words,  judged  by  this  criterion,  an  amorphous  solid 
(glass)  is  not  a  phase,  or  state,  of  matter  definitely  distinguishable 
from  a  liquid  of  the  same  composition,  for  there  are  gradual 
transitions  from  one  to  the  other  in  all  their  physical  properties. 
There  is  an  uninterrupted  series  of  changes  in  each  physical 
property,  such  as  volume,  density,  optical  refraction,  thermal 
capacity,  and  viscosity.  A  glass  then  is  a  highly  viscous  liquid. 
The  use  of  the  term  solid  in  connection  with  the  discussion  of 
equilibria  between  the  phases  of  matter  is  misleading,  unless  it 
is  understood  to  apply  wholly  to  crystals. 

'  Lehmaxm,  O.    Flussige  Kristale,  Leipzig,  1904. 
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There  are  cases,  however,  in  which  the  transition  from  ciystalline  to 
amorphous  state  is  accompanied  by  so  slight  an  absorption  of  energy  as  not 
to  be  recognizable  by  ordinaiy  methods  of  observation.  Such  a  case  is  found 
in  albite  and  microcline  feldspar.^  Long,  thin,  cleaved  prisms  of  these  feld- 
spars placed  across  the  top  of  platinum  crucibles  and  heated  for  3  hours  at 
1225^  C.  were  converted  into  isotropic  glass  without  change  of  shape  or  any 
sign  of  bending  imder  their  own  weight.  Rods  of  these  feldspars  heated 
for  a  few  moments  to  temperatures  from  1200  to  1300  degrees  when  weighted 
by  platinum  bent  sHghtly.  And  upon  optical  examination  it  was  found  that 
the  feldspar  was  only  partly  changed  to  isotropic  glass,  and  that  the  glass 
and  feldspar  crystal  had  bent  alike,  and  there  were  no  signs  of  the  glass 
having  been  more  plastic  than  the  crystal  parts,  or  having  been  pressed  out 
from  between  the  crystal  parts  during  the  bending  of  the  rods. 

Heat  of  Liquefaction  and  Vaporization.  —  In  most  cases  heat  is 
absorbed  upon  the  passage  of  a  body  from  crystal  to  liquid  phase, 
and  also  in  passing  from  liquid  to  gas.  This  is  known  as  heat  of 
LIQUEFACTION  OF  of  VAPORIZATION.  Upon  the  passagc  of  a  sub- 
stance from  a  rarer  to  a  denser  phase  heat  is  liberated.  The 
amount  of  heat  involved  in  any  transformation  is  characteristic 
of  each  substance. 

Specific  Heat.  —  Since  all  the  heat  imparted  to  a  substance  does 
not  appear  as  increase  in  temperature,  but  is  partly  converted 
into  other  forms  of  energy,  the  amount  of  heat  required  to  raise 
the  temperature  one  degree  is  another  physical  property  char- 
acteristic of  different  substances.  It  is  known  as  specific  heat 
and  is  expressed  by  the  ratio  between  the  amount  of  heat  energy 
required  to  raise  a  given  mass  of  any  substance  one  degree,  and 
the  amount  required  to  raise  an  equal  mass  of  water  one  degree. 
In  general,  the  lighter  the  molecules  composing  a  substance  the 
greater  its  specific  heat,  since  the  specific  heat  of  an  element 
varies  inversely  as  its  atomic  weight. 

Melting  Point  and  Pressure.  —  When  there  is  expansion  of  a 
substance  upon  passing  from  a  crystal  to  a  liquid  condition,  any 
pressure  upon  the  substance  would  necessitate  the  expenditure 
of  energy  to  overcome  it.  Increased  pressure  would  require 
increased  energy  to  overcome  it.  That  is,  increased  heat  would 
be  required  to  produce  liquefaction.  The  melting  point  of  such 
substances  is  raised  by  increased  pressure.  When  substances 
contract  upon  melting,  as  is  the  case  with  ice,  pressure  lowers 

*  Day,  A.  L.  and  Allen,  E.  T.  Carnegie  Institution  of  Washington,  Pub- 
lication 31.     Washington,  1905,  p.  51. 
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the  melting  point  since  it  aids  condensation.  Unless  otherwise 
stated,  melting  temperatures  are  to  be  understood  as  those  at 
atmospheric  pressures. 

Since  there  is  no  definite  point  at  which  an  amorphous  solid,  or 
glass,  changes  to  a  liquid,  rock  glasses  can  have  no  melting  point, 
strictly  speaking;  and  there  can  be  no  temperature  at  which  a 
sudden  change  of  volume  will  take  place  upon  passing  from  liquid 
to  solid  glass.^  All  silicate  minerals  so  far  investigated  probably 
expand  upon  melting;  their  melting  points  are  therefore  raised 
with  increased  pressure. 

Determination  of  Melting  Points  at  Higli  Temperatures.  — 
Temperature  is  usually  defined  in  terms  of  the  expansion  of  gas, 
but  the  difficulty  of  measuring  the  expansion  of  a  gas  at  tempera- 
tures in  the  neighborhood  of  1000°  C,  is  so  great,  although  the 
highest  trustworthy  temperature  recorded  in  this  manner  is  1600 
degrees,^  that  the  thermoelectric  current  set  up  between  platinum 
and  an  alloy  of  platinum  and  rhodium  is  used  for  most  measure- 
ments of  high  temperatures.  A  thermoelectric  couple  of  this 
character  encased  in  a  slender  porcelain  tube  inside  of  platinum 
is  inserted  in  the  substance  within  a  crucible  placed  in  an 
electric  furnace.' 

A  much  less  accurate  method  of  procedure  consists  in  heating  small  frag- 
ments of  a  substance  on  a  strip  of  platiniun  foil  by  means  of  an  electric 
current  and  noting  the  temperature  by  means  of  the  linear  expansion  of  the 
platinum.  This  is  Joly's  meldometer.*  A  crude  approximation  to  the 
temperature  of  melting  has  been  made  hy  heating  the  substance  by  the  side 
of  small  cones  of  mixtures  prepared  to  melt  at  certain  fixed  temperatures 
and  comparing  the  fusion  of  the  substance  with  that  of  the  prepared  mineral 
mixtures.* 

In  the  earlier,  and  in  some  of  the  latest,  investigations  of  the 
melting  points  of  rock  minerals  and  glasses  the  moment  of  melt- 

^  The  definite  contraction  attributed  to  basalt  glass  by  Bams  in  Bulletin 
103  of  the  U.  S.  Geological  Survey,  must  have  been  due  to  a  change  of  volume 
in  the  containing  vessel,  or  to  some  other  experimental  condition  at  the  time 
of  solidification  of  the  material  under  investigation. 

'  Holbom  and  Valentiner.  Ann.  der  Physik,  vol.  22,  1907,  p.  1,  and  Day 
and  Clement,  Am.  Jour.  Sci.,  vol.  26,  1908,  pp.  405-463. 

'  Day  and  Allen.  Carnegie  Institution  of  Washington,  Publication 
No.  31,  p.  15,  et  seq. 

*  Joly,  J.     Proc.  Royal  Irish  Acad.,  vol.  3,  2,  1891,  p.  38. 

»  Doelter,  C.  Tscher.  min.  petr.  Mitth.  vol.  20,  part  3,  1901,  p.  200,  and 
Schertel,  Beig  u.  Hiitten  m&nnische  Zeitung,  1880,  also  Brun,  A.,  Arch.  sci. 
phys.  nat.  4th  Ser.,  vol.  13,  1902,  p.  552;  vol.  18,  1904,  p.  537. 
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ing  has  been  determined  by  observing  the  rounding  of  comers 
or  edges  of  the  solid,  or  by  noting  the  moment  at  which 
fluidity  sets  in.  But  as  these  phenomena  are  in  many  cases  not 
distinctly  marked,  and  it  is  not  possible  to  determine  the 
moment  when  change  of  shape  or  fluidity  take  place,  such  a 
method  of  determining  melting  point  is  inaccurate  and  involves 
a  large  personal  equation,  depending  on  the  observer.  This 
indefiniteness  is  obviated  in  many  cases  by  judging  of  the  melt- 
ing point  by  noting  the  temperature  at  which  an  absorption  of 
heat  is  recorded  by  the  maintenance  of  a  constant  temperature 
in  the  substance  during  the  changing  temperature  within  the 
furnace.  When  there  is  a  definite  absorption  of  heat  at  some 
point  in  the  rising  temperature  a  change  of  state  from  solid  to 
liquid,  or  a  transition  from  one  crystal  structure  to  another  is 
plainly  indicated.  But  it  has  been  found  that  in  some  rock 
minerals,  such  as  albite,  orthoclase  and  others,  there  is  no  indi- 
cation that  at  any  particular  temperature  a  measurable  amount 
of  heat  is  absorbed;  so  it  is  not  possible,  therefore,  to  locate  a 
melting  point  in  such  crystals. 

SiNTERiNa.  When  small  fragments,  or  powder,  of  crystals  or  glass  are 
heated  for  some  time  at  temperatures  somewhat  below  the  melting  point  of 
the  substance  particles  of  the  powder  weld  together  to  a  more  or  less  con- 
tinuous, compact  mass.  This  is  called  sintering.  Powdered  glass  sinters  more 
readily  than  powdered  crystals  of  the  same  compound,  and  sometimes  at 
temperatures  several  hundred  degrees  below  the  melting  point  of  the  crystal. 
The  temperature  at  which  sintering  begins  is  lower  the  finer  the  powder.  In 
viscous  glasses,  such  as  those  of  albite  or  orthoclase,  long  continued  heating 
at  comparatively  low  temperatures  produces  a  perfectly  continuous  mass, 
the  surface  of  which  tends  toward  a  minimum,  so  that  Day  concludes  that 
"  the  sintering  of  powdered  glasses  is  due  to  flow  in  the  '  undercooled  ' 
liquid  and  is  a  phenomenon  of  viscosity  and  surface  tension.''  ^  This  is  equally 
true  of  particles  of  mineral  crystals,  which  become  rounded  upon  sintering 
without  loss  of  crystalline  structure;  indicating  that  when  the  particles  are 
small  enough,  and  rigidity  is  reduced,  surface  tension  may  overcome  the  rigid- 
ity of  crystaUine  aggregation ;  a  fact  well  illustrated  in  the  extreme  case  of 
liquid  crystals.  According  to  Day  all  feldspar  glasses  sinter  readily  between 
700®  and  900**  C,  depending  on  the  time  and  the  fineness  of  the  powder.  In 
the  case  of  powdered  crystals  of  feldspar  sintering  takes  place  slowly  at  about 
150  degrees  below  the  melting  point,  but  no  definite  sintering  point  for  any 
substance  can  be  located.  Sintered  fragments  of  crystal  retain  their  crystal- 
line character  and  do  not  become  amorphous,  that  is,  glass. 

*  Day  and  Allen,  op.  cit.,  p.  59. 
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It  will  be  shown  in  another  connection  that  Barua  established  the  poB- 
eibility  of  ionic  diffusion  in  silicate  glaaaes  at  temperatures  considerably 
below  the  meltjng  point,  or  the  temperature  at  which  there  is  a.  change  in 
their  shape  which  is  recognised  aa  melting,  indicating  molecular  mobility  in 
such  substances  while  they  may  be  sud  to  be  solid. 

Uelting  Points  of  Rock  Minerals.  —  The  following  observa- 
tioQB  of  the  melting  points  of  the  nuQer&ls  commonly  crys- 
tallized from  molten  magmas  have  been  made  by  several 
methods,  and  represent  varying  degrees  of  accuracy.  The 
most  reliable  are  placed  first,  and  have  been  determined  by  the 
thermoelectric  methods  used  by  Day.  The  next  series  was 
made  by  Doelter,  using  a  thermoelectric  element  to  determine 
the  temperature  and  noting  the  moment  when  fusion  rounded 
the  comers  or  edges  of  crystal  fragments.  The  third  series 
of  determinations  was  made  by  Joly  and  Cusack  on  a  meldom- 
eter.  Minerals  with  the  highest  melting  points  are  placed  first 
in  the  list. 


MELTING  POINTS  OF  PYROOENETIC  MINERALS 


Day  and 
others.' 

Doelter,'  py. 

rometer,  1903. 

Joly  and  Cu- 

Back.'  mel- 

domeler. 

Rapid 

heating. 

Corundum  (W 

1760  ap. 

1625 

1170-1190 

1532 
1500 
US3 

U19 
1397 
1340  ap. 
1230  est. 

n. 

/labradorite 
L    1155-llSO 

labradorite 
1230 

' 

*.L.,  AllBO,  E.  T., 


.  19.  1005.  p.  OG: 


'ay.  r\.lj-.  nilDUp  r..    i .,  Muu   uludtb.      nta.  ^ciur.   OCI,,   vul   DBT..   vol.    IV.    IWUa.   p, 

I,  leOfl,  p.  100;  vol.  22.  1906,  P.  205,  and  p.  385;  and  in  publioationactf  tbcCanii 

ue1t«r.  C.    BeilehunBea  iiriuilieii  Sdunelapunkt  und  ohnniHluir  Zuammnuetsuni 
inBmlieQ.THChar.min.pCTr.Mitlh,,  vol.  22.  1903.  pp.  297-321. 

.1  Insh  Amid.,  Sw.  Ill,  vol  2, 1881,  and  Con«r.  j&l.  intern..  VIII, 
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MELTING  POINTS  OF  PYROGENETIC  MINERALS  —  Coniiniierf 


08 


Albite,  natural 

Orthoclase,  Arendal 

Adular,  Gotthard 

Sanidine,  Drachenfels 

Microcline,  Pikes  Peak 

Leucite 

Nephelite,  Vesuvius 

Norway 

Haiiynite,  Vesuvius 

Sodalite 

Analcite 

Phlogopite,  Ceylon 

Burgess 

Lepidomelane  from  tonalite  . .  ■ 

Meroxene,  Vesuvius  

Biotite,  Vesuvius 

Muscovite,  New  Hampshire  and 

Middletown 

Lepidolite,  Rozena 

Zinnwaldite  —  Zinnwald,  light. . 

Pyrope,  Merouitz 

Grossularite,  Monzoni 

Almandite,  Traversella 

Melanite,  Frascati 

Epidote 

fCa,SiO, 

Monticellite,  Monte  Somma. . . . 

Forsterite,  Sardinia 

Olivine,  gem,  Egypt 

Vesuvius  

Lipari,  8.45  FeO 

Hyalosiderite,SaBbach,29.96  FeO 

Hortonolite,  44.37  FeO 

Jayalite,  66.01  FeO 

MgSiO,,  monoclinic 

CaSiOg^,  monoclinic 

CaMg(Si03)„  monoclinic 

Enstatite,  Bamie 

Bronzite,  Kraubath 

Bronzite 

Hypersthene,  St.  Paul 


Day  and 
others.^ 


C 


2082 


1521 
1512 
1380 


Doelter,*  py- 
rometer, 1903. 


1120 

1190 
1185-1190 
1140-1150 
1150-1160 
1275-1280 

1110 
1090-1100 
1190-1195 

1030 
880-890 

1290 
1250-1255 
1130-1135 
1230-1240 
1155-1160 

1255-1260 

925 
940-950 

1185 

1125-1130 

1110-1115 

925-935 


1400-1410 

>1460 

1390-1395 


1265-1275 

1215-1220 

1175-1180 

1055 


1375-1380 
1330-1350 


1185-1195 


Joly  and  Cu- 
sack.'  mel- 
dometer. 
Rapid 
heating. 


1172-1175 

1165^1175 

1140 
1169-1175 

1298 
1059-1070 

1070 

1130 


1265 
965 


1363-1378 


1295,  1300 


^  Day.  A.  L.,  Allen,  E.  T..  and  others.  Am.  Jour.  Sci.,  4th  Ser..  vol.  19.  1905,  p.  93; 
vol.  21,  1906,  p.  100;  vol.  22, 1906,  p.  265,  and  p.  385;  and  in  publications  of  the  Carnegie 
Institution. 

^  Doelter,  G.  Beaiehungen  iwischen  Schmelapunkt  und  chemischer  Zuaammensetzung 
der  Mineralien.  Tscher.  min.  petr.  Mitth.,  vol.  22,  1903.  pp.  297-321. 

'  Joly.  J.    Proc.  Royal  Irish  Acad.,  Ser.  III.,  vol.  2, 1891,  and  Congr.  g^l.  intern.,  VIII, 
Fkris,  1900. 
Cusack,  R.    Ibid,  vol.  4,  1896. 
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MELTING  POINTS  OF  PYROGENETIC  MINERALS  —  CancZwfod 


Malacolite,  Rezbanya,  1.38  FeO . . 

Diopside,  Ala.,  2.91  FeO 

Nordmarken,0.76Fe,O3,17.34  FeO 
Hedenbergite,    Doenaczka,    2.85 

FcjOs,  17.24  FeO 

Tunaberg,  0.10  Fe^O,,  26.29  FeO 
Augite: 
Mti.  Rossi,  3.85,  Fe^O^  7.89  FeO 
Vesuvius,    yellow,     1.09  Fe,Oa, 

6.78  FeO 

black.  4.47  Fe^Oa,  4.09  FeO .... 

Vesuvius  and  elsewhere 

Arendal,  green,   1.08  Fe^Og,  4.50 

FeO  

black,  0.60  Fe^O,,  15.59  FeO. 

Spodumene.  Stirling 

Jadeite,  Tibet 

iEgirite,  Langesund  fjord 

Acmite,  Eker 

Hornblende 

Pargasite,  Pargas,  1.53  FejO,,  1.32 
FeO 


Hornblende.  Czernosin,  5.81  Fe,0„ 
7.18  FeO 


Vesuvius,  2.86  Fe^Oa,  19.02  FeO 

Barkevikite,  Langesund 

Riebeckite,  St.  Peter's  Dome 

iEnigmatite,  Kangerdluarsuk 

Arfvedsonite,  Narjakasik 

Chromite,  Kraubath 

Pleonast,  Monzoni 

Orange  City 

Magnetite,  Mulatto 

Fluorite 

Hematite,  Waldenstein 

Titanite 

Apatite,  Renfrew 


Day  and 
others.^ 


Doelter,'  py- 
rometer,  1903, 


1387 


1220 
1245-1250 
1135-1140 

1095 
1090-1110 

1165-1170 

1175-1180 
1160-1170 


1150 
1095-1110 
1080-1090 

1000 
930-945 
925-930 


1140-1155 

1075-1080 

1085 

1070 

940 

935 

920 

>1450 

1270 

1250-1260 

1195 


1360 
1200 
1270 


Joly  and  Cu- 
sack,'  md- 

dometer. 
Rapid 

heating. 


1187-1195 


1187-1199 


1173 


1187-1200 


1250-1450 


1225 


For  comparison  it  is  interesting  to  note  the  following  melting  points  of 
some  of  the  metals: 

Platinum 1753^. 

Nickel 1435-1440°. 

Gold 1059.3*. 

Copper 1081.0®. 

Silver 958.3*. 

Zinc 418.5*. 

Cadmium 321.7*. 


Waidner  and  Buigess. 
Day  and  Sosman. 
Day  and  Clement. 
Day  and  Clement. 
Day  and  Clement. 
Day  and  Clement. 
Day  and  Allen. 

1  Day,  A.  L.,  Allen,  E.  T.,  and  others.  Am.  Jour.  Sci.,  4th  Ber.,  vol.  19,  1905,  p.  93; 
vol.  21,  1906,  p.  100;  vol.  22. 1906.  p  265,  and  p.  385;  and  in  publications  of  the  Oameffie 
Institution. 

^  Doelter,  C.  Beziehunji^n  zwischen  Schmelipunkt  und  chemischer  ZusammensetJiung 
der  Mineralien.  Tscher.  min.  petr.  Mitth.,  vol.  22,  1903.  pp.  297-321. 

*  Joly.  J.  Proc.  Royal  Irish  Acad.,  Ser.  III.,  vol.  2, 1891,  and  Congr.  gtel.  intern.,  VIII, 
Paris,  1900. 

Cusack.  R.    Ibid,  vol.  4,  1896. 
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Polymorphism.  —  Some  substances  are  known  to  occur  in 
more  than  one  kind  of  crystalline  form,  that  is,  with  different 
crystallographic  molecular  arrangements.  For  example,  mono- 
clinic  and  orthorhombic  sulphur;  the  different  forms  of  Ti02, 
rutile,  anatase,  brookite.  Compounds  occurring  in  such  a 
manner  are  said  to  be  polymorphic. 

They  yield  identical  liquids,  solutions  and  vapors,  and  must 
have  identical  chemical  molecules.  Whether  there  is  any 
other  molecular  difference  between  polymorphic  forms  of  one 
compound  than  the  crystallographic  arrangement  of  the  mole- 
cules is  not  always  determinable.  In  some  cases  the  change 
from  one  polymorphic  phase  to  another  may  be  accompanied 
by  molecular  polymerization.  In  general,  polymerization,  or 
the  existence  of  different  multiples  of  the  simplest  molecules  in 
different  phases  of  a  substance,  is  indicated  upon  the  transition, 
or  inversion,  of  a  substance  from  one  phase  to  another  by  the 
liberation,  or  absorption,  of  a  large  amount  of  heat.  Whether 
there  is  polymerization  in  the  pyrogenetic  compounds  upon 
crystallization  from  molten  Uquids  is  a  debated  question. 
According  to  Doelter  *  some  of  the  pyrogenetic  silicate  minerals 
yield  much  heat  upon  crystallization,  indicating  polymerization 
upon  crystallization.  But  Vogt*  concludes  from  his  study  of 
slags  that  there  is  Uttle  or  no  polymerization  of  the  silicates 
formed  in  them. 

.  Enantiotropism  and  Monotropism.  —  The  change  from  one 
polymorphic  crystal  form  of  a  substance  to  another  in  some 
instances  takes  place  with  great  slowness  upon  change  of  con- 
ditions; in  other  cases  rapidly.  In  some  cases  the  transition 
may  take  place  in  either  direction  upon  change  of  conditions; 
the  process  is  then  enantiotropic.  In  other  cases  the  transition 
is  only  possible  in  one  direction,  — from  a  metastable  to  a  stable 
condition.     Such  a  process  is  monotropic. 

Quartz  and  tridymite  are  enantiomorphic  forms  of  silica, 
Si02.  A  transition  point  between  them  occurs  at  about  800°  C. 
Above  this  temperature  tridymite  is  the  stable  form;  below  800° 
quartz  is  stable.     But  on  account  of  the  high  internal  molecu- 

*  Doelter,  C.    PhyBikalisch-chemische  Mineralogie,  Leipzig,  1905,  p.  101. 
>  Vogt,  J.  H.  L.     Die  Silikatechmetzldsungen,  II,  p.  147.     .Christiania. 
1904. 
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lar  friction  within  both  of  these  forms  at  temperatures  near 
the  inversion  point,  800°,  a  transition  from  one  to  the  other 
cannot  be  efifected  readily.  Tridymite  cannot  be  transformed 
to  quartz  in  the  laboratory  without  the  aid  of  a  catalyzer,  such 
as  a  mixture  of  potassium  chloride  and  lithium  chloride.  Tri- 
dymite forms  from  quartz  when  this  is  in  very  small  fragments. 
When  in  larger  crystals,  quartz  may  be  heated  rapidly  to  1600° 
without  passing  into  tridymite  before  melting.  The  liquid  silica 
at  this  temperature  is  extremely  viscous.* 

The  polymorphic  forms  of  MgSiOs  crystallized  in  the  laboratory' 
present  a  case  of  enantiotropism  and  monotropism.  There 
are  five  forms  of  magnesium  metasilicate.  One,  a-MgSiOs,  is 
orthorhombic,  and  in  crystal  habit,  index  of  refraction  and  bire- 
fringence resembles  forsterite,  magnesium  orthosilicate.  It  forms 
very  near  1524°  and  passes  by  enantiotropic  transition  at  1365° 
into  the  /?  form.  It  can  only  be  obtained  by  sudden  chilling  of 
the  liquid.  The  second,  /J-MgSiOs,  is  a  monoclinic  pyroxene 
formed  below  1365°,  and  stable  at  all  temperatures  below  this 
point.  The  other  three  forms  pass  into  the  second  at  temper- 
atures between  1150°  and  1300°.  The  third  form  is  ortho- 
rhombic,  and  is  identical  with  enstatite.  It  may  be  made  by 
heating  the  glass  of  MgSiOs  at  a  temperature  between  1000° 
and  1100°.  It  passes  into  the  monoclinic  form  very  slowly 
upon  heating,  the  transition  beginning  at  temperatures  between 
1260°  and  1290°.  In  the  presence  of  a  solvent  it  may  change 
at  temperatures  as  low  as  800°.  The  fourth  form  is  monoclinic, 
corresponding  to  amphibole  in  its  optical  properties.  It  forms 
in  very  small  quantities  by  rapidly  cooling  liquid  MgSiOa.  The 
fifth  form  is  an  orthorhombic  amphibole,  close  to  the  monoclinic 
amphibole  in  its  properties.  It  is  obtained  by  heating  the  molten 
silicate  high  above  the  melting  point,  and  cooling  rapidly  in  air. 
Both  of  the  amphiboles  pass  into  the  monoclinic  pyroxene  upon 
heating  sufficiently.  The  cooling  of  this  form  does  not  convert 
it  into  any  one  of  the  lower  forms. 

Enantiotropic  and  monotropic  relations  are  illustrated  by  the 
accompanying  diagrams,  although  the  actual  vapor  pressures  of 

*  Day,  A.  L.  and  Shepherd,  E.  S.     Am.  Jour.  Sci.,  vol.  22,  1906,  p.  275. 
»  Allen,  E.  T.,  Wright,  F.  E.,  and  Clement,  J.  K.,  Am.  Jour.  Sci.,  vol.  22, 
1906,  pp.  385-438. 
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many  crystals  are  too  low  to  be  measured.  In  Fig.  1,  a  case  of 
enantiotropism,  t  is  the  axis  for  temperature;  p,  that  for  vapor 
pressure;  abc  is  the  vapor  tension  curve  for  the  liquid  phase;  ed, 
the  vapor  tension  of  the  crystal  phase  stable  below  the  inversion 
point  T2]  db,  the  vapor  tension  of  the  crystal  phase  stable  above 
the  inversion  point  T'2;  Ti  is  the  melting  point  of  the  crystal 
phase  stable  at  higher  temperatures.  At  T2  the  two  crystal 
phases  have  the  same  vapor  pressure  and  are  therefore  in  equi- 
librium with  one  another.     At  Ti  the  crystal  form  stable  at 


Pig.    1. 

higher  temperatures  has  the  same  vapor  pressure  as  the  liquid 
phase,  so  the  solid  and  liquid  are  in  equilibrium  with  one  another 
at  this  point. 

Since  a  crystal  stable  at  higher  temperatures  can  in  many  cases 
be  cooled  below  the  inversion  point  without  being  converted  into 
a  phase  stable  at  lower  temperatures,  the  curve  bd  may  be 
imagined  as  being  extended  beyond  the  point  d.  But  in  most 
cases  crystals  stable  at  lower  temperatures  cannot  be  heated 
far  above  an  inversion  point  without  changing  into  another 
phase.  So  that  the  curve  ed  can  seldom  be  extended  to  intersect 
the  melting  curve.  That  is,  it  seldom  happens  that  a  crystal 
stable  at  lower  temperatures  can  be  melted  before  inversion  to 
the  other  crystal  phase  takes  place.  This,  however,  may  be 
accomplished  with  quartz,  without  transforming  it  to  tridymite. 

In  Fig.  2,  a  case  of  monotropism,  abc  is  the  vapor  pressure 
curve  for  the  liquid;  eb,  that  for  the  stable  crystal  phase;  da,  that 
for  the  unstable  crystal  phase;  Ti  is  the  melting  point  for  the 
stable  phase;  T2,  that  for  the  unstable  phase.     At  7",  the  unstable 
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form  is  in  equilibrium  with  the  liquid  phase,  and  this  is  its  melting 
point.  The  stable  phase  is  in  equilibrium  with  the  liquid  at  Ti, 
which  is  its  melting  point.  For  any  given  temperature  the  stable 
form  has  the  lower  vapor  pressure.  The  unstable  form  always 
has  the  lower  melting  point,  but  it  frequently  passes  into  the 
stable  form  before  melting.     If  the  two  curves  eb  and  da  were 


FiQ.  2. 

extended  their  intersection  would  lie  above  abc,  that  is,  above  the 
melting  point  of  each  crystal  phase.  These  phases,  therefore, 
cannot  exist  in  equilibrium  with  each  other.  ^ 

False  Equilibria.  —  When  the  transition  from  one  polymorphic 
form  to  another  takes  place  with  great  slowness,  the  two  forms 
may  exist  in  contact  with  one  another  for  long  periods  of  time. 
In  such  cases  there  is  no  real  equiUbrium  between  the  forms. 
The  condition  is  one  of  apparent,  or  false  equilibrium.  There 
are  numerous  instances  of  false  equilibria  in  igneous  rocks,  such 
as  the  association,  and  contact,  of  quartz  and  tridymite;  of  glass 
and  crystals  of  the  compounds  composing  it;  intergrowths  of 
monoclinic  and  orthorhombic  pyroxenes;  and  intergrowths  of 
amphiboles  and  pyroxenes.  In  fact,  nearly  all  rocks  are  systems 
of  false  equilibria.  The  relative  stability  of  various  crystal  com- 
pounds in  igneous  rocks  has  an  important  bearing  on  their 
resistance  to  decomposing  or  metamorphosing  agencies.  For 
a  discussion  of  the  conditions  affecting  the  production  of  poly- 
morphic forms  see  Chapter  V. 

*  Roozeboom,  Heterogenen  Gleichgewichte,  Braunschweig,  1901,  Part  1, 
p.  158,  also  Allen,  Wright  and  Clement,  Am.  Jour.  Sci.,  vol.  22,  1906,  p.  411. 
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SOLUTIONS 

Since  the  magma  from  which  an  igneous  rock  has  solidified 
was  in  a  liquid  state  at.high  temperature,  and  its  composition  was 
not  simple,  the  molten  magma  must  have  been  a  solution  from 
which  minerals  crystallized  to  form  the  rock.  It  is  necessary 
then  to  consider  the  properties  of  liquid  solutions,  both  with 
respect  to  their  physical  characters  and  possible  molecular  con- 
stitution; and  the  probable  chemical  character  and  the  reactions 
that  may  take  place  in  them;  and  also  the  processes  of  solidifica- 
tion that  may  convert  them  into  amorphous,  rigid  solutions,  or 
glasses,  or  into  crystallized  minerals. 

PHYSICAL  CHARACTERS  OF  SOLUTIONS 

Defining  a  solution  as  a  homogeneous  mixture  which  cannot  be 
separated  into  its  constituent  parts  by  mechanical  means,^  there 
may  be  solutions  of  gases,  liquids,  or  solids  in  one  another  in 
various  ways.  While  gases  may  mix  with  gases  to  any  extent, 
provided  they  do  not  combine  chemically,  the  mixture  or  solution 
of  liquids  in  liquids,  or  of  solids  in  liquids,  takes  place  to  quite 
different  degrees  in  different  cases  and  under  different  conditions. 
The  solution  of  solids  by  solids  takes  place  with  great  difficulty, 
but  is  known  to  happen  in  certain  instances. 

Solution  of  Gases  in  Liquids.  —  Every  liquid  may  dissolve  every 
gas  to  a  greater  or  less  extent,  depending  upon  the  nature  of  both 
substances.  In  one  set  of  cases  the  solution  may  take  place 
without  chemical  action,  and  all  the  gas  may  be  removed  from 
the  liquid  by  lowering  the  pressure  or  raising  the  temperature. 
In  another  set  of  cases  some  of  the  gas  may  combine  with  the 
liquid  and  not  be  recoverable. 

In  the  first  instance  "  the  quantity  of  a  gas  dissolved  by  a 
specified  quantity  of  a  liquid  is  proportional  to  the  pressure  of  the 
gas."  The  volume  of  a  gas  being  inversely  as  the  pressure,  a 
specified  quantity  of  a  liquid  dissolves  the  same  volume  of  a  gas 
at  all  pressures.  This  is  Henry's  Law.  When  a  mixture  of 
gases  is  dissolved  by  a  liquid  each  constituent  gas  is  dissolved  as 
though  the  other  gases  were  not  present;  that  is,  it  is  absorbed 
under  a  pressure  corresponding  to  its  quantity  in  the  mixture. 

^  Ost^ald,  W.    Solutions,  translated  by  M.  M.  Pattison  Muir,  1891,  p.  1. 
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The  amount  of  gas  absorbed  by  different  liquids  varies  with  the 
character  of  the  gas  and  of  the  liquid,  and  must  be  determined 
for  each  case. 

When  a  liquid  absorbs  gas  its  volume  increases,  usually  in  proportion  to 
the  volume  of  the  gas  dissolved,  but  the  increase  is  slight  compared  with  the 
volume  of  the  gas,  which  is  often  greatly  condensed.  Thus  1  volume  of 
water  at  0°  C.  and  at  atmospheric  pressure  dissolves  1049  volumes  of  ammonia 
gas,  and  becomes  1.487  volumes  of  ammonia-solution.^  But  with  a  gas  that 
is  only  slightly  soluble  in  water,  as  carbon  dioxide,  the  increase  in  volume  for 
a  condition  of  saturation  is  very  small.  In  this  case  the  increase  is  only 
.0021  of  the  total  volume  for  T  C. 

The  amount  of  gas  absorbed  by  a  liquid  decreases  with  increase 
of  temperature  for  any  given  pressure.  At  some  particular 
temperature  it  may  be  entirely  driven  out  of  the  liquid. 

When  the  absorbing  liquid  is  a  solution  of  salts,  there  is  apt  to 
be  chemical  action  upon  the  accession  of  a  gas,  in  which  case  the 
laws  just  stated  are  modified  according  to  the  amount  of  chemical 
action. 

When  gas  is  dissolved  in  a  liquid,  its  particles  become  as  much 
a  part  of  the  liquid  or  solution  as  those  of  any  other  of  its  con- 
stituents. They  diffuse  through  it  in  the  same  manner  as  other 
components.  The  possible  state  of  aggregation  of  the  gas  par- 
ticles will  be  discussed  in  connection  with  that  of  other  substances 
in  solution  in  a  subsequent  paragraph. 

Solution  of  Liquids  in  Liquids.  —  The  ability  of  liquids  to  dis- 
solve in  one  another,  or  to  form  homogeneous  mixtures,  varies 
greatly  with  their  nature.  Some  mix  together  in  all  proportions 
at  all  temperatures  and  pressures  like  gases,  others  dissolve  in 
one  another  partially,  that  is,  within  certain  proportions,  which 
vary  with  temperature;  in  some  cases  being  wholly  miscible  at 
some  temperatures  and  only  partially  so  at  others.  There  are  a 
few  liquids  known  which  do  not  appreciably  dissolve  certain 
other  liquids.  Such  liquids  must  show  no  measurable  vapor- 
pressure  at  the  temperature  of  experimentation,  for  if  the  vapor 
or  gas  of  one  liquid  were  in  contact  with  another  liquid  it  would 
be  absorbed  to  some  extent. 

When  liquids  dissolve  in  one  another  in  all  proportions  the 
properties  of  the  mixture  is  not  the  sum  of  the  properties  of  the 

>  Daniell,  A.,  Text  Book  of  the  Principles  of  Physics,  New  York,  1895,  p.  329 . 


SATURATION  AND  SUPERSATURATION  93 

constituent  liquids.  There  is  a  change  in  volume,  usually  a 
diminution,  but  in  some  instances  an  increase.  There  is  also  a 
change  of  temperature;  in  some  cases  an  evolution  of  heat,  in 
others  an  absorption  of  it.  But  there  is  no  fixed  relation  between 
the  volume  and  thermal  changes.  In  some  cases  heat  is  evolved 
upon  the  contraction  of  the  volume,  in  others  upon  an  expan- 
sion. In  many  cases,  however,  the  properties  of  the  mixture 
are  not  very  different  from  the  sum  of  those  of  the  component 
liquids. 

Most  liquids  do  not  dissolve  one  another  in  all  proportions,  but 
only  within  definite  limits  for  certain  temperatures.  If  one 
liquid  dissolves  another  only  partially,  then  the  second  will  also 
dissolve  the  first  partially.  In  general,  liquids  which  are  only 
partially  miscible  at  low  temperatures  become  completely  mis- 
cible  at  higher  temperatures.  Conversely,  mixtures  of  some 
liquids  that  are  homogeneous  at  high  temperatures  may  separate 
into  unlike  portions  when  the  temperature  is  reduced.  Each 
portion  of  the  heterogeneous  liquid  will  consist  of  a  larger  pro- 
portion of  one  kind  of  liquid  with  smaller  amounts  of  the  other 
component  liquid,  or  liquids. 

Solutioii  of  Solids  in  Liquids.  —  When  a  solid  is  brought  into 
contact  with  a  liquid,  solution  of  the  solid  takes  place  to  a  greater 
or  less  extent,  depending  on  a  number  of  factors;  first,  on  the 
nature  of  the  solid  and  on  that  of  the  liquid,  some  solids  being 
readily  soluble  in  certain  liquids,  others  almost  not  at  all,  though 
the  most  delicate  tests  may  detect  very  minute  traces  of  the 
solids,  as  of  platinum  in  water.  The  ability  of  a  liquid  to  dissolve 
a  solid  also  varies  with  temperature,  generally  increasing  with  rise 
of  temperature,  but  in  some  cases  decreasing  with  increase  of 
temperature. 

As  in  the  previous  cases,  already  discussed,  it  is  necessary  to 
distinguish  those  cases  of  solution  of  solid  in  liquid  in  which  there 
is  chemical  action  between  the  two,  from  those  in  which  there  is 
no  chemical  action.  The  statements  that  follow  refer  to  those 
cases  in  which  no  chemical  action  takes  place,  but  they  apply  in 
certain  particulars  to  those  in  which  there  is  chemical  action. 

Saturation  and  Supersaturation.  —  There  is  always  a  limit  to 
the  amount  of  a  solid  which  can  be  dissolved  by  a  given  volume 
of  any  liquid  at  a  given  temperature  and  pressure.    This  varies 
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with  the  kind  of  solid  and  liquid.  When  this  maximum  amount 
is  reached,  the  liquid  is  said  to  be  saturated.  In  some  cases, 
however,  the  liquid  may  be  made  to  carry  in  solution  more  than 
the  amount  it  is  capable  of  dissolving  from  the  solid.  In  such  a 
condition  it  is  said  to  be  supersaturated.  Supersaturation  may 
be  attained  in  some  instances  by  lowering  the  temperature  of  the 
solution  below  that  at  which  it  is  saturated  by  a  given  compound, 
when  under  favorable  conditions  it  may  retain  in  solution  more 
of  the  solid  than  it  is  capable  of  dissolving  at  that  temperature. 
The  ability  of  a  compound  to  supersaturate  a  solution  and  the 
extent  to  which  it  may  exceed  the  amount  required  for  satura- 
tion, varies  greatly  with  different  pairs  of  solids  and  liquids.  In 
general,  it  has  been  found  that  substances  that  resemble  one 
another  chemically  have  the  greater  tendency  to  form  super- 
saturated solutions.  Thus  supersaturated  hydrous  solutions 
are  formed  most  readily  by  salts  crystallizing  with  "  water  of 
crystallization." 

As  to  the  possible  molecular  process  of  solution  of  solid  in 
liquid,  there  is  a  close  analogy  between  it  and  that  of  the  melt- 
ing of  a  solid,  and  also  between  it  and  the  act  of  vaporization. 
It  is  supposed  that  particles,  or  molecules,  tending  to  leave  the 
solid  to  a  greater  or  less  extent,  as  when  vaporization  takes  place 
from  a  solid,  are  held  to  the  solid  by  the  attraction  of  its  mole- 
cules, and  that  this  molecular  cohesive  action  is  overcome  by  the 
attraction  of  the  molecules  of  the  liquid  in  contact  with  the  solid, 
so  that  they  escape  more  readily  into  the  liquid  than  into  gas. 
Those  particles  of  the  solid  entering  the  liquid  move  about  in  it, 
gradually  diffusing  through  it.  Along  the  surface  between  solid 
and  liquid,  they  move  toward  the  solid  as  well  as  away  from  it. 
So  long  as  more  leave  the  solid  than  return  to  it,  there  is  solution 
of  the  solid  in  the  liquid.  When  the  numbers  leaving  and  return- 
ing to  the  solid  are  the  same,  there  is  equilibrium,  and  solution 
ceases.  This  is  attained  under  definite  conditions  of  temperature 
and  pressure  when  the  concentration  of  the  substance  in  the 
liquid  has  reached  a  certain  value,  and  does  not  depend  on  the 
relative  quantities  of  the  solid  and  liquid.  It  is  in  this  respect 
analogous  to  vapor-pressure  over  a  liquid,  and  the  concentration 
of  a  substance  in  solution  has  been  called  solution-pressure.* 

*  Nemst,  W.    Zeitschr,  fiir  phys.  Chemie,  4,  1889,  p.  150. 
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When  a  solution  is  not  in  contact  with  a  solid  mass  of  the  substance  in 
solution,  the  concentration  may  be  increased  beyond  the  point  at  which 
equilibrium  with  the  solid  takes  place,  without  the  separation  of  the  sub- 
stance from  the  solution,  and  in  general  at  the  point  of  saturation  it  requires 
the  presence  of  the  substance  in  a  solid  form  to  induce  separation.  But  it 
may  be  present  in  microscopic  or  even  submicroscopic  form  without  being 
noticed  by  the  unaided  eye,  and  it  often  requires  great  caution  to  exclude 
particles  which  may  act  as  nuclei  of  crystallization  from  saturated  solutions 
that  are  being  tested  in  the  laboratory. 

Crystals  isomorphous  with  the  dissolved  substance  behave  toward  a 
saturated  solution  as  crystals  of  the  substance  in  solution,  and  prevent  super- 
saturation  by  acting  as  nuclei  on  which  the  solid  may  separate  out. 

Compounds  that  readily  form  supersaturated  solutions  commonly  crys- 
tallize in  large  well-formed  crystals,  but  when  separation  of  solid  takes  place 
upon  slight  supersaturation  there  are  numerous  small  crystals,  for  there  is 
not  time  for  the  first  crystals  to  grow  before  diffusion  produces  a  supersatu- 
rated solution  near  them.^ 

Supersaturation  of  a  solution  may  be  effected  by  gradual  lowering  of  tem- 
perature in  a  quiet  Uquid,  free  from  solid  particles  of  the  substance  in  solu- 
tion. It  may  be  prevented  by  the  presence  of  such  solid  bodies  or  of 
isomorphous  substances;  by  agitation  of  the  liquid  during  cooling;  and  in 
laboratory  experiments  by  the  scratching  of  the  inside  of  the  vessel  contain- 
ing the  liquid. 

Influence  of  Temperature  on  Solubility.  -—  In  most  cases  an 
increase  of  temperature  increases  the  amount  of  substance  that 
can  be  taken  into  solution  in  a  given  volume  of  a  liquid.  But 
in  some  cases  the  reverse  is  true.  More  exactly  it  may  be 
stated  that  when  heat  disappears  in  the  solution  of  a  substance, 
is  absorbed,  then  solubility  increases  with  rising  temperature; 
but  when  heat  is  produced  upon  solution  solubility  decreases  as 
temperature  increases.  In  general,  solubility  increases  with 
increasing  temperature  more  rapidly  than  the  temperature  in- 
creases, but  no  definite  mathematical  expression  for  the  rate  of 
increase  has  as  yet  been  discovered. 

When  a  solid  is  dissolved  in  a  liquid  and  this  is  heated  above  the  critical 
point  under  sufficient  pressure  the  solid  remains  in  solution  in  the  gas.  From 
this  it  is  evident  that  the  kinetic  energy  in  such  a  solution  must  be  very  great, 
and  the  molecular  mobility  very  much  higher  than  when  the  solution  is  in 
liquid  phase;  permitting  much  more  rapid  molecular  diffusion  and  interaction. 

When  solution  takes  place  at  the  melting  point  of  a  solid  there  is  no 
sudden  increase  in  the  solubility  of  the  substance,  but  there  is  a  marked 
change  in  the  rate  of  solubility  with  change  of  temperature. 

*  Ostwald-Muir.     Solutions,  p.  60. 
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Volumetric  Changes  Upon  Solution.  —  In  most  cases  studied — 
aqueous  solutions — solution  of  solid  in. liquid  is  accompanied 
by  contraction  of  volume;  that  is,  the  volume  of  the  solution 
is  smaller  than  the  sum  of  the  liquid  and  solid  at  the  same 
temperature.  The  amount  of  contraction  depends  upon  the 
proportion  between  solvent  and  solid,  being  greater  as  the 
proportion  of  the  solvent  is  greater. 

Influence  of  Pressure  on  Solubility.  —  If  the  solution  of  a 
solid  in  a  liquid  is  accompanied  by  contraction,  the  general 
case  for  aqueous  solutions,  then,  solubility  is  promoted  by 
increase  of  pressure  for  a  given  temperature.  When  solution 
takes  place  with  expansion  of  volume,  solubility  is  retarded  by 
increase  of  pressure. 

Relation  Between  the  Composition  of  Solid  and  Solution  and 
Solubility.  —  While  no  definite  relation  has  been  discovered 
between  the  characters  of  the  solid  and  of  the  Uquid  and  the 
solubiUty  of  the  solid,  it  may  be  said,  that  solubility  is  deter- 
mined to  some  extent  by  the. chemical  analogies  of  the  sub- 
stance to  be  dissolved  and  the  solvent.  Those  that  are 
somewhat  related  chemically  generally  dissolve  in  one  another 
more  readily  than  those  that  are  quite  distinct  chemically.  But 
no  regular  relationships  have  been  discovered  for  the  solubility 
of  groups  or  series  of  analogous  compounds  when  these  become 
dissociated  upon  solution,  as  is  the  case  with  many  salts  in 
aqueous  solution.  On  the  other  hand,  when  compounds  enter 
solution  without  dissociation  or  ionization,  definite  relation- 
ships between  the  characters  of  the  compounds  and  their  solu- 
bility in  one  another  have  been  found  to  exist.  Thus  the  most 
fusible  of  a  group  of  isomeric  organic  (hydrocarbon)  compounds 
is  also  the  most  soluble,  independently  of  the  nature  of  the 
solution.^ 

Common  Solubility  of  Several  Substances  in  one  Liquid. — 
When  two  solids  in  solution  do  not  react  on  each  other  chem- 
ically, the  solution  may  become  saturated  with  respect  --  to  each, 
and  the  proportion  between  solid  and  solution  does  not  aflfect 
the  equiUbrium  of  saturation.  But  the  amount  of  each  necessary 
to  saturate  the  solution  at  the  same  time  is  not  exactly  the  same 
as  when  one  is  dissolved  alone;  and  is  somewhat  smaller. 

*  Ostwald-Muir.    Solutions,  p.  81. 
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When  the  two  substances  in  solution  are  capable  of  fonning  a  double 
salt  upon  crystallization  several  cases  are  possible.  (1)  No  double  salt  may 
have  formed;  the  case  is  like  that  just  described.  (2)  When  the  double  salt 
(mA+nB)  has  been  formed  then  either  the  salt  A,  or  the  other  salt  B,  may  be 
present  in  excess  of  the  amount  necessary  to  combine  with  the  other  salt  to 
form  the  double  salt;  two  states  of  equilibrium  may  result:  one  in  which  the 
double  salt  is  in  equilibrium  with  A,  and  the  other  in  which  it  is  in  equilibrium 
with  B.  On  adding  one  salt,  B,  to  the  saturated  solution  of  the  other  salt, 
A,  as  the  double  salt  is  formed,  A  is  taken  out  of  solution ;  the  concentra- 
tion with  respect  to  A  is  decreased,  and  when  an  excess  of  B  is  added,  all  of  A 
will  be  withdrawn  from  the  solution  in  the  form  of  the  double  salt.  The 
solution  contains  B  and  the  double  salt  (mA  +  nB).  Eventually  it  may 
become  saturated  with  respect  tp  B  and  the  double  salt. 

When  the  two  salts  are  isomorphous  and  are  capable  of  crystallizing 
together  in  all  proportions  the  composition  of  the  saturated  solution  changes 
continuously  with  the  composition  of  the  isomorphous  mixture;  by  adding 
successive  quantities  of  B  it  is  possible  to  displace  A  entirely  from  the  solu- 
tion, that  is,  so  far  as  its  presence  may  be  determined  by  ordinary  methods. 

Solution  of  Solid  in  Mixtures  of  Liquids.  —  When  two  liquids 
dissolve  together  into  a  homogeneous  liquid  the  solubility  of  a 
solid  in  the  mixture  depends  upon  its  solubility  in  each  liquid 
separately,  but  no  definite  laws  controlling  the  degree  of  solu- 
bility are  known.  As  a  result  of  this  behavior  a  solid  may  be 
separated  from  a  saturated  solution  by  adding  another  liquid 
in  which  the  substance  is  less  soluble  than  in  the  first. 

Vapor-presstire  of  solutions  varies  with  the  concentration, 
being  higher  for  the  pure  liquid  than  for  the  solution,  and 
decreasing  proportionally  to  the  concentration  until  saturation 
is  reached.  But  when  the  solution  at  this  point  is  rather  con- 
centrated the  proportionality  of  the  change  is  not  strictly 
maintained.  More  exactly,  for  solutions  of  medium  concen- 
tration the  relative  lowering  of  vapor-pressure  is  proportional  to 
the  concentration.  In  general  it  may  be  said  that  "  the  lower- 
ings  of  vapor-pressures  of  solutions  in  different  solvents  are 
equal  when  the  proportion  of  the  number  of  molecules  of  the 
dissolved  substance  to  the  number  of  molecules  of  the  solvent  is 
the  same."  This  is  true  for  solutions  of  medium  concentration. 
A  still  more  general  law  is  that  "  the  relative  lowering  of  vapor- 
pressure  is  proportional  to  the  ratio  of  the  number  of  molecules 
of  the  dissolved  substance  to  the  total  number  of  molecules  in 
the  solution."  * 

*  Ostwald-Muir,  Solutions,  pp.  170  and  171. 
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Changes  in  the  vapor-pressure  of  solutions  have  been  used  to  determine 
the  molecular  weights  of  some  substances  in  solution,  or,  when  these  are  well 
established  by  other  means,  to  determine  the  molecular  condition  of  sub- 
stances in  solution.  The  study  of  the  vapor-pressure  of  solutions  of  metals 
in  mercury  (amalgams)  by  W.  Ramsay  ^  has  led  to  interesting  conclusions 
in  some  cases.  In  all  cases  the  vapor-pressure  of  mercury  was  lowered. 
There  appears  to  be  a  tendency  of  the  metals  to  form  the  simplest  molecules 
possible,  that  is,  molecules  consisting  of  single  atoms.  In  several  cases 
(potassium,  calcium,  barium)  the  results  were  abnormal,  indicating  some- 
thing less  than  atoms.  Most  of  the  other  metals  appeared  to  have  been 
reduced  to  atoms.  But  aluminium  and  antimony  show  a  tendency  to  form 
complex  molecules.  The  behavior  of  the  metals  in  solution  in  mercury 
agrees  with  their  behavior  in  the  gaseous  state. 

Freezing  points  of  solutions  are  in  general  lower  than  those  of 
the  component  substances,  solute  or  solvent.  The  amount  of 
lowering  of  the  freezing  point  of  a  liquid  brought  about  by  the 
substance  dissolved  in  it  is  approximately  proportional  to  the 
concentration.  More  exactly,  if  one  molecule  of  any  substance 
is  dissolved  in  one  hundred  molecules  of  any  liquid  of  a  differ- 
ent nature,  the  lowering  of  the  freezing  point  of  this  liquid  is 
always  nearly  the  same,  and  approximately  0*^.63;  Raoult's 
law.'  This  is  applicable  to  many  solutions,  but  there  are  cer- 
tain kinds  of  solutions,  chiefly  aqueous  solutions  of  acids,  salts, 
and  bases,  in  which  there  is  a  notable  deviation  from  this  law, 
indicating  by  the  greater  depression  of  the  freezing  point  that 
there  must  be  some  dissociation  of  the  substances  in  solution. 

In  the  special  cases  of  metals  dissolved  in  mercury,  or  in  liquid  sodium  or 
tin  (amalgams),  the  law  has  been  found  equally  applicable.  The  metals 
appear  to  exist  in  their  atomic  state,  and  one  atom  of  a  metal  dissolved  in 
one  hundred  atoms  of  the  solvent  produces  a  constant  lowering  of  the  freez- 
ing point,  almost  regardless  of  the  nature  of  the  dissolved  metal.  In  the 
case  of  a  few  metals,  especially  aluminium,  the  atomic  lowering  of  the 
freezing  point  is  much  smaller,  indicating  more  complex  molecules. 

A  study  of  the  melting  point  of  two  substances  in  solution  in 
one  another  has  shown  that  for  a  particular  mixture  of  the  two 
there  is  a  minimum  freezing  point  at  which  each  saturates  the 
other  and  both  may  solidify  at  the  same  time.  Such  a  mix- 
ture is  called  a  eutectic,  and  the  freezing  point  is  known  as  the 

1  Chem.  Soc.  Jour.  Trans.  1889,  p.  521. 

>  Jones,  H.  C.     The  Elements  of  Physical  Chemistiy,  1903,  p.  207. 


SOLUTION  OF  GASES  IN  SOLIDS  99 

BUTEcnc  POINT,    Solutions  of  a  salt  in  water  in  such  eutectic 
proportions  were  investigated  by  Guthrie  and  called  by  him 

CRYOHYDRATES. 

When  two  solids  that  are  capable  of  forming  a  solution  in  one  another  at 
ordinary  temperatures  are  brought  in  contact  with  one  another,  they  pass 
into  solution  along  the  surface  of  contact  and  eventually  become  a  liquid 
solution;  the  most  familiar  example  is  ice  and  common  salt.  Potassium 
and  sodium  behave  in  a  precisely  similar  manner  at  ordinary  temperatures. 

Since  substances  in  any  state  dissolve  in  one  another,  it  is 
better  to  consider  the  action  as  mutual  and  to  think  of  each 
as  the  solvent  for  the  other  than  to  speak  of  either  as  the 
solvent  or  the  dissolved  substance.  The  common  practice  is 
to  speak  of  that  one  which  remains  liquid  longest  upon  the 
gradual  solidification  of  the  solution  as  the  solvent  of  those  sub- 
stances that  solidify  from  it.  But,  since  in  nearly  all  kinds  of 
liquid  solutions  a  eutectic  mixture  is  possible,  from  which  both 
substances  solidify  simultaneously,  the  terms  solvent  and  solute 
lose  their  significance.  A  fuller  discussion  of  this  subject  will 
be  found  in  Chapter  V,  in  connection  with  the  separation  of 
substances  from  solutions. 

Solid  Solutions.  —  The  existence  of  homogeneous  solids  whose 
composition  is  not  that  of  a  single,  or  definite  compound,  but 
represents  a  mixture  of  several  compounds  or  substances,  is 
becoming  more  and  more  generally  recognized.  Upon  inves- 
tigation they  exhibit  many  of  the  characteristics  of  liquid  solu- 
tions, and  are  in  fact  solid  solutions.  An  example  of  solid 
solution  is  lime-soda-feldspar.  Rock  glass,  which  consists  of  the 
same  mixture  of  compounds  as  the  liquid  magma,  and,  from 
what  has  already  been  said  concerning  various  states  of  matter, 
is  merely  a  highly  viscous  liquid,  or  amorphous  solid,  and  may 
be  called  a  rigid  solution^  in  distinction  to.  the  technical  term,  solid 
solution.  The  subject  of  solid  solutions  will  be  treated  syste- 
matically as  follows. 

Solution  of  Gases  in  Solids.  —  Gases  are  absorbed  by  solids  in 
such  a  manner  in  some  cases  as  to  be  true  solutions,  as  when 
hydrogen  is  absorbed  by  palladium  hydride,  in  which  case  the 
amount  of  gas  dissolved,  or  absorbed,  is  proportional  to  the 
pressure. 

When  a  gas  is  readily  soluble  in  a  solid  it  may  traverse  the 
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solid  freely.  Thus  hydrogen  passes  through  white  hot  palladium, 
or  platinum,  carbon  dioxide  passes  through  glowing  iron.  The 
solubility  of  gases  in  solids  varies  greatly  with  the  kinds  of 
substance. 

Gases  may  also  be  condensed  upon  the  surface  of  a  solid, 
especially  on  the  surface  of  cavities  in  a  finely  porous  solid, 
such  as  animal  charcoal,  or  platinum-black.  The  action  is 
then  similar  to  capillary  action  of  liquids.  The  amount  of  gas 
which  may  be  adsorbed  in  this  way  in  certain  cases  is  so  great 
that  the  condensation  is  equal  to  that  of  liquefaction  of  these 
gases.  But  this  is  not  the  same  as  solution  of  gas  in  compact 
solids.* 

Solution  of  Liquids  in  Solids.  —  Investigation  of  the  behavior 
of  the  water  contained  in  some  crystals  when  they  are  highly 
heated  shows  that  it  must  be  present  as  matter  in  solution  in 
the  solid,  and,  presumably,  at  ordinary  temperatures  as  liquid 
in  solution  in  solid.  The  work  of  Friedel  *  and  also  of  Tam- 
mann '  upon  zeolites,  and  of  Allen  and  Clement  *  on  tremolite, 
kupfiferite,  beryl,  and  some  other  minerals,  has  shown  that 
water  is  given  off  by  these  minerals  at  high  temperatures  in  a 
gradual  manner,  without  destroying  the  homogeneity  of  the 
crystals,  and  with  only  sHght  modification  of  their  optical  proper- 
ties. In  some  instances  water  vapor  may  be  again  absorbed  or 
dissolved  by  the  crystals  upon  cooling.  In  the  case  of  the 
zeolites  Friedel  found  that  they  maintain  true  equilibria  with 
water  vapor  at  low  pressures.  This  does  not  appear  to  be  the 
case,  however,  with  tremolite  and  diopside  studied  by  Allen  and 
Clement,  which  may  present  false  equilibria.  The  absorption  of 
liquids  by  capillary  attraction  in  the  cavities  of  porous  solids  is 
not  to  be  confused  with  true  solution. 

Solution  of  Solids  in  Solids.  —  There  are  several  ways  in  which 
the  existence  of  solid  solutions  and  the  diffusion  of  material  in 
the    solid    state    have    been    established.     The    most    striking 

'  The  subject  of  the  presence  of  gases  in  rocks  and  the  possibility  of  their 
being  in  part  in  solution  in  the  rock  minerals  is  treated  at  considerable  length 
by  R.  T.  Chamberlin  in  a  recent  publication  of  the  Carnegie  Institution, 
Publication  No.  106,  The  Gases  in  Rocks,  Washington,  1908. 

2  Bull.  Soc.  Min.,  vol.  19,  1896,  and  vol.  22,  1899. 

»  Zeitschr.  Phys.  Chem.,  vol.  27,  1898. 

*  Am.  Jour.  Sci.,  vol.  26,  1908,  pp.  101-118. 
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example  of  diffusion  of  solids  within  one  another  is  the  experi- 
ment by  Roberts-Austen*  in  which  disks  of  gold  and  cylinders 
of  lead,  properly  smoothed  and  cleaned,  were  clamped  together 
and  allowed  to  remain  standing  for  four  years  at  a  nearly  con- 
stant temperature  of  18®  C.  At  the  end  of  this  time  the  two 
metals  were  found  adhering  to  one  another,  and  tests  of  the 
lead  showed  that  gold  had  penetrated  about  eight  millimeters 
into  the  lead,  the  greatest  concentration  of  the  gold  being 
nearest  the  gold  disk.  Zinc  objects  covered  with  a  thin  layer 
of  copper  become  white  in  time  by  the  gradual  increase  of  zinc 
in  the  copper.  It  is  known  that  in  crystals  of  alums  made  up 
of  different  layers  there  is  a  blending  of  the  layers  in  time. 
Examples  of  chemical  interaction  between  solids  are  known. 
A  SOLID  SOLUTION  may  be  defined  as  a  "  solid ,  homogeneous  com- 
plex (crystal),  in  which  the  properties  can  change  without  destroy- 
ing the  homogeneity V '  There  are  close  analogies  between  the 
properties  of  solid  solutions  and  those  of  liquid  solutions. 

The  investigations  of  Day*  and  his  colleagues  in  the  Geo- 
physical Laboratory  of  the  Carnegie  Institution  in  Washington 
upon  silicates  of  calcium  and  magnesium  in  mixtures  of  various' 
proportions  have  demonstrated  the  ability  of  crystals  of  cal- 
cium metasiUcate,  CaSiOa,  magnesium  metasilicate,  MgSiOa, 
and  of  calcium-magnesium  metasilicate,  CaMg(Si03)2,  to  take 
up  in  homogeneous  mixture,  that  is,  in  solid  solution,  variable 
amounts  of  each  other  and  of  other  constituents  of  the  solu- 
tion from  which  they  crystallize. 

Thus  it  was  found  that  the  metasilicate  of  calcium  is  able  to  take  up  in 
solid  solution  a  small  amount  of  either  CaO  or  SiOa,  according  to  which  pre- 
ponderates in  the  lime-silica  solution.  In  the  series  of  solutions  containing 
various  proportions  of  CaSiO,  and  MgSiO,  six  different  solid  solutions  appear, 
in  four  of  which  the  lesser  component  is  not  more  than  three  or  four  per 
cent  of  the  principal  one.  In  two  cases,  however,  the  proportions  are  much 
greater.  Thus  wollastonite  (^-CaSiO,)  may  take  on  various  amounts  of 
diopside  to  a  maximum  of  17  per  cent  of  diopside  to  83  of  wollastonite,  or 
about  twenty  per  cent  of  the  wollastonite  by  weight.  At  this  point  the 
solid  solution  becomes  saturated,  for  with  more  diopside  the  wollastonite 
crystals   cease   to   be   transparent   and   homogeneous.     PseudowoUastonite 

•  »  Proc.  Roy.  Soc.,  67,  1900,  p.  101. 
»  Jones,  H.  C.     The  Elements  of  Physical  Chemistry,  1903,  p.  268. 
»  Am.  Jour.  Sci.,  vol.  22,  1906,  pp.  265-302  and  pp.  385-438,  i6id,  vol.  28, 
1909,  pp.  1-47. 
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(a-CaSiO,)  can  dissolve  only  about  four  per  cent  of  diopside.  Diopside  can 
dissolve  as  much  as  60  per  cent  of  its  own  weight  of  MgSiO„  the  mixed 
crystal  containing  about  66.5  MgSiO„  33.5CaSiO,.  The  saturated  solu- 
tion (mixed  crystal)  is  very  similar  in  its  properties  to  pure  diopside,  but  all 
the  physical  properties  change  continuously  with  addition  of  MgSiO,.  Diop- 
side can  dissolve  only  about  5  per  cent  of  its  own  weight  of  CaSiO,.  The 
behavior  of  the  phsrsical  characters  of  the  crystals  and  solutions  shows  that 
the  compound  CaMg(SiO,)2,  diopside,  is  a  definite  one,  and  that  variations 
from  it  in  the  composition  of  crystals  are  to  be  considered  as  solid  solutions 
or  mixed  crystals. 

These  investigators  conclude  that  there  is  a  tendency  of 
crystallizing  substances  to  absorb  during  the  process  of  crys- 
tallization large  or  small  amounts  of  other  materials.  The 
more  closely  similar  the  absorbed  material  is  to  the  absorbing 
crystal  in  molecular  arrangement,  molecular  spacing,  and  other 
physical  characters  the  greater  the  amount,  in  general,  which 
can  be  taken  up.  When  two  substances  are  so  much  alike 
physically  that  their  solid  phases,  crystals,  are  miscible  in  one 
another  in  all  proportions  they  are  said  to  be  isomorphous,  as 
for  example  the  lime-soda-feldspars.* 

There  are  several  kinds  of  solid  solutions  that  may  be  distin- 
guished from  one  another.  (1)  Substances  miscible  in  one  another 
in  all  proportions;  isomorphous  substances,  such  as  the  lime-soda- 
feldspars.  (2)  Substances  miscible  in  one  another  within  certain 
limits,  and  having  like  crystal  characters;  limited  isomorphism, 
such  as  diopside  and  MgSiO,.  (3)  Substance  miscible  to  some 
extent,  but  without  crystallographic,  or  chemical,  resemblance, 
such  as  diopside  and  SiO,,  or  CaO.  (4)  Solidified  solutions,  not 
crystallized  solids,  rigid  solutions,  such  as  rock  glasses. 

The  preceding  statements  deal  with  solutions  in  regard  to 
their  kind,  their  modes  of  formation,  and  some  of  their  physical 
properties.  It  is  necessary  to  consider  the  possible  condition 
of  the  dissolved  substance  within  the  solution,  or  the  molecular 
constitution  of  the  solution. 

Diffusion.  —  When  gas  is  admitted  to  a  space  not  occupied, 
that  is,  a  vacuum,  it  expands  at  once  until  it  fills  the  whole 
space.  If  it  is  admitted  to  a  space  already  occupied  by  another 
gas  the  two  gases  permeate  gradually  one  another  until  there  is 

'  Day  and  Allen,  Isomorphism  and  Thermal  Properties  of  the  Feldspais, 
Carnegie  Institution  Publication,  Washington,  1905. 
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a  homogeneous  mixture  of  both  gases.  They  diffuse  through 
one  another.  The  lighter  gas  will  travel  more  rapidly  than  the 
heavier.  The  rate  at  which  diffusion  takes  place  is  greater  the 
greater  the  difference  between  the  pressures  exerted  by  each 
gas,  that  is,  the  greater  the  condensation  of  one  gas  above  that 
of  the  other.  When  two  or  more  gases  diffuse  through  the 
same  medium  their  rates  of  diffusion  are  proportional  to  the 
mean  velocity  of  the  molecules  in  each  gas,  that  is,  they  are 
inversely  proportional  to  the  square  roots  of  the  density  of 
each. 

When  gas  is  dissolved  by  a  liquid  it  diffuses  through  the 
liquid  until  it  is  equally  distributed.  Its  behavior  is  the  same 
as  when  it  diffuses  through  a  gas,  except  that  the  rate  of  diffu- 
sion is  much  less.  Similarly  when  any  substance,  liquid  or 
solid,  is  dissolved  in  a  liquid  it  diffuses  through  the  liquid  until 
it  is  uniformly  distributed  and  the  mixture  is  homogeneous. 
There  is  a  movement  of  the  dissolved  material  from  that  part 
of  the  liquid  where  it  is  most  abundant,  or  most  concentrated, 
toward  the  part  where  it  is  less  concentrated.  The  cause  of 
this  movement  is  the  same  as  that  producing  osmose,  and  has 
been  called  osmotic  pressure,  or  solution  pressure. 

With  regard  to  osmotic  pressure,  it  is  known  to  increase  with 
temperature,  the  law  being  that  it  increases  in  proportion  to 
the  absolute  temperature  of  the  solution.  The  close  analogy 
between  osmotic  pressure  and  gas  pressure  is  shown  by  the 
fact  that  solutions  which  at  the  same  temperature  exhibit 
equal  osmotic  pressures  contain  equal  numbers  of  molecules  of 
the  dissolved  substance  in  equal  volumes.  This  has  been 
expressed  by  van't  Hoff  as  follows:  The  osmotic  pressure 
exercised  by  a  substance  in  solution  is  identical  in  value  with 
the  gaseous  pressure  which  it  would  exhibit  if  the  same  quan- 
tity of  it  were  contained  as  a  gas  in  the  same  volume  at  the 
same  temperature.  This  applies  to  dilute  solutions  of  sub- 
stances that  are  not  ionized. 

The  rate  of  diffusion,  or  the  amount  diffused  in  a  given  time, 
varies  with  the  kind  of  substance  and  the  liquid  dissolving  it, 
but  the  general  law,  announced  by  Fick,  is  that  for  each  kind 
of  substance  the  quantity  which  diffuses  through  a  given  area  is 
proportional  to  the  difference  between  the  concentrations  of 
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the  two  areas  infinitely  near  one  another,  or  is  proportional  to 
the  difference  in  concentration.  This  law  must  be  modified  for 
solutions  of  high  concentration,  for  the  diffusion  rates  decrease 
gradually  as  concentration  increases.  Moreover,  it  does  not 
apply  rigidly  to  those  cases  in  which  there  are  molecular 
changes  in  the  condition  of  the  dissolved  substance  upon  dilu- 
tion of  the  solution  —  ionization. 

With  regard  to  the  time  required  for  diffusion,  it  has  been 
observed  that  the  quantity  diffused  is  proportional  to  the 
square  root  of  the  time  occupied.  The  distance  over  which  a 
determinate  concentration  extends  is  also  proportional  to  the 
square  root  of  the  time  of  diffusion.  As  to  the  effect  of 
temperature  on  diffusion,  it  has  been  found  that  the  quantities 
diffusing  in  equal  times  increase  very  nearly  in  proportion  to 
the  temperature.  It  has  also  been  found  that  there  is  a 
somewhat  regular  arrangement  of  molecular  diffusion-values; 
that  is,  the  number  of  molecules  of  different  substances  diffus- 
ing under  equal  conditions.  Chemically  similar  compounds  of 
elements  closely  related  and  belonging  to  the  same  group,  such 
as  the  haloids  of  potassium  and  of  sodium,  or  the  sulphates  of 
the  magnesium  group,  have  approximately  equal  values.  The 
bearing  of  this  on  the  possible  differentiation  of  .magmas  will 
appear  later,  in  Chapter  VII.  A  close  parallelism  is  noticeable 
between  the  rates  of  diffusion  and  the  electrical  conductivities 
of  substances.* 

When  several  substances  diffuse  from  a  mixture  each  sub- 
stance diffuses  almost  independently  of  others,  each  nearly  at 
its  own  specific  rate.  This  fact  has  been  employed  by  Graham 
to  separate  mixed  substances.  In  one  case  from  a  mixture  of 
equal  amounts  of  two  salts  a  solution  was  obtained  by  diffusion 
in  which  the  salts  were  in  the  proportion  of  90.6  :  9.4.  No 
definite  relationship  between  the  relative  diffusivities  of  sub- 
stances diffusing  from  a  mixture  and  the  specific  diffusivity 
of  each  substance  when  diffusing  alone  has  been  discovered. 
It  appears  that  the  difference  between  their  diffusivities  when 
alone  is  somewhat  increased  when  they  diffuse  simultaneously. 

When  the  rates  of  diffusion  of  various  salts  are  compared  with  one 
another,  as  has  been  done  by  Marignac,  it  is  found  that  the  rates  of  diffusion 

*  Ostwald-Muir,  Solutions,  pp.  135,  136,  and  139. 
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of  the  acids  are  related  to  those  of  the  metals  so  that  all  the  salts  of  any 
specified  acid  always  follow  in  the  same  order,  according  to  the  bases,  what- 
ever the  acid  may  be;  and  so  also,  all  the  salts  of  any  metal  follow  in  the 
same  order,  according  to  the  kinds  of  acids,  independently  of  the  nature  of 
the  metal.  The  order  of  diffusion-coefficients  is  indicated  by  the  following 
table,  in  which  those  with  the  highest  diffusivity  stand  at  the  top. 

CI,  Br,  I  H 

NO,  K,  NH4 

C10„  CIO4,  MnO^  Ag 

F  Na 

CrO^  Ca,  Sr,  Ba,  Pb,  Hg 

SO,  Mn,  Mg,  Zn 

CO,  Cu 

Al 

There  is  a  great  similarity  between  the  order  of  diffiisivities  as  represented 
above  and  the  electrical  conductivities  of  salt  solutions.^ 

Homogeneity  of  Solutions.  —  A  solution  all  of  whose  portions 
exist  under  equal  temperatures  and  pressures  should  in  time 
become  homogeneous  through  the  diffusion  of  whatever  may  be 
in  solution  in  it.  Without  convection  currents  or  other  move- 
ments^ of  the  liquid  mass  the  time  required  theoretically  for  a 
heterogeneous  liquid  to  become  homogeneous  is  infinite.  But 
currents  within  the  liquid  tend  to  promote  complete  diffusion. 
On  the  other  hand,  a  homogeneous,  or  nearly  homogeneous, 
liquid  all  of  whose  portions  are  not  under  equal  temperatures  or 
pressures  will  not  remain  homogeneous,  but  through  diffusion 
of  its  constituents  will  alter  its  concentration  in  different  por- 
tions until  the  osmotic  pressure  corresponds  to  that  required 
by  the  different  temperatures  and  pressures. 

The  requirements  of  changes  of  pressure,  whereby  greater 
density,  concentration,  of  solution  should  appear  in  portions 
of  the  liquid  under  greater  pressure,  have  been  investigated 
theoretically  by  means  of  the  principles  of  thermodynamics  by 
Gouy  and  Chaperon,'  who  found  that  the  increase  in  those  cases 
where  a  small  change  of  concentration  produces  change  of  density 
would  be  very  small  even  in  a  depth  of  100  meters,  and  would 
take  place  with  extreme  slowness. 

When,  however,  there  is  a  difference  of  temperature  in  dif- 
ferent parts  of  the  solution,  there  is  a  corresponding  change  in 

'  Ostwald-Muir,  Solutions,  p.  144. 

»  Ann.  chim.  phys.  (6)  12,  1887,  p.  384. 
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the  concentration  of  the  solution  so  that  the  solution  becomes 
more  concentrated  in  the  cooler  portion.  This  action,  some- 
times known  as  Saret's  principUj^  was  first  discovered  by  C. 
Ludwig.'  And,  as  pointed  out  by  van't  Hoff,  since  the  osmotic 
pressure  increases  in  proportion  to  the  absolute  temperature, 
diffusion  must  occur  from  the  warmer  to  the  cooler  parts  until 
the  osmotic  pressure  has  become  the  same  in  both,  and  there- 
fore concentration  must  vary  inversely  as  the  absolute  tem- 
perature. In  more  concentrated  solutions  the  ratio  between 
concentration  and  absolute  temperature  is  somewhat  modified. 

Molecular  Constitution  of  Solutions.  —  As  there  may  be 
gaseous,  liquid,  or  solid  solutions,  it  is  necessary  to  consider  the 
possible  molecular  constitution  of  matter  in  each  of  these 
states.  Conceptions  of  the  constitution  of  gases  are  derived 
from  Avogadro's  law,  that  all  gases  consist  within  equal  vol- 
umes at  like  temperatures,  and  pressures,  of  equal  numbers  of 
molecules;  and  also  from  a  study  of  the  changes  in  volume  result- 
ing from  the  combination  of  various  elements  and  compounds 
in  a  gaseous  state.  Further  information  is  gained  by  the 
liberation  of  energy,  usually  in  the  form  of  heat,  which  takes 
place  upon  a  change  in  the  state  of  aggregation  either  within 
the  gaseous  state  or  upon  passing  from  a  gas  to  a  liquid,  or 
from  a  liquid  to  a  solid,  or  from  one  form  of  solid  aggregation 
to  another.  From  these  sources  of  information  it  is  concluded 
that  gases  consist  of  molecules  moving  independently  of  each 
other,  and  that  the  molecules  are  quite  differently  constituted 
according  to  the  kind  of  element  or  compound,  and  in  some 
cases  according  to  the  temperature  of  the  gas. 

The  molecules  of  certain  elements  in  the  gaseous  state  consist  of  one 
atom  each.  This  is  true  of  mercury,  cadmium,  zinc,  potassium,  sodiiun,  and 
bismuth;  and  of  iodine  at  1700^.  The  gas  molecules  of  other  elements  and 
compounds  consist  of  two  atoms  each;  for  example,  hydrogen,  2H;  hydro- 
chloric acid,  H  +  CI.  A  molecule  of  water  vapor  contains  three  atoms, 
2H  +  O,  and  more  complex  compounds  that  may  exist  as  gases  are  composed 
of  much  higher  numbers  of  atoms. 

Phosphorus  vapor  at  1600^  consists  of  diatomic  molecules;  at  lower  tem- 
peratures the  gas  molecule  contains  four  atoms.  Sulphur  vapor  at  800°  is 
diatomic;  at  500°  it  consists  of  Sg,  S^,  S4  and  S,.  This  is  known  as  oasociaHon 
or  polymerization. 

»  Ann.  chim.  phys.  (5)  22,  1881,  p.  293. 
>  Wien.  Akad.  Ber.  20,  1856,  p.  539. 
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In  a  mixture  of  gases  the  molecules  of  each  kind  of  gas  must  be 
independent  of  one  another  when  there  is  no  chemical  reaction 
between  them,  and  we  may  imagine  them  as  moving  about  freely 
among  one  another,  maintaining  a  uniform  distribution. 

Upon  the  transition  of  sulphur  from  gas  to  liquid  there  is  a 
notable  evolution  of  heat  indicating  a  molecular  condensation,  so 
that  the  liquid  molecule  of  sulphur  must  contain  more  than  eight 
atoms.  The  molecule  of  water  is  considered  by  some  to  contain 
twelve  atoms  (H20)4;  by  others,  9  or  6  atoms,  (HjO),  or  (H,0),. 

The  conception  of  the  molecular  constitution  of  a  liquid  is 
derived  largely  from  that  of  a  gas.  The  molecules  move  with 
more  or  less  freedom  among  themselves,  as  indicated  by  diffusion, 
but  cohesive  action  is  relatively  greater  than  in  gas,  and  the  mass 
or  weight  of  the  molecules  is  much  greater.  The  constitution  of 
the  molecules  composing  the  liquid  is  the  chief  matter  for  our 
consideration.  As  already  stated,  in  certain  liquids,  such  as 
mercury,  the  molecules  appear  to  consist  of  single  atoms,  and 
the  same  is  true  of  certain  metals  when  dissolved  in  it.  But 
aluminium  in  the  same  liquid  is  probably  more  complex. 

Aqueous  solutions  present  much  more  varied  molecular  char- 
acters, depending  on  the  nature  of  the  substances  in  solution. 
For  certain  kinds  of  substances  the  relations  between  osmotic 
pressure,  vapor  pressure,  freezing  point  and  concentration  are  so 
uniform  that  it  appears  that  the  substances  in  solution  consist  of 
molecules  corresponding  in  composition,  that  is^  in  atomic  pro- 
portions, to  those  of  the  substances  or  compounds  before  solu- 
tion. This  is  said  to  be  the  normal  behavior,  since  it  is  that  of 
most  solids  and  liquids  investigated. 

Ionization.  —  When  acids,  bases,  and  salts  are  dissolved  in 
water,  the  effect  on  the  osmotic  pressure,  vapor  pressure  and 
freezing  point  is  not  normal,  but  of  such  a  kind  as  to  indicate 
that  some  of  the  molecules  of  these  substances  in  solution  have 
been  dissociated.  The  relative  number  of  molecules  of  the  dis- 
solved substance  that  are  dissociated  is  greater  the  more  dilute 
the  solution,  but  there  are  more  dissociated  molecules  in  the  more 
concentrated  solution  up  to  a  certain  degree  of  concentration. 

It  has  been  found  that  in  aqueous  solutions  the  molecules  of 
each  kind  of  compound,  acids,  bases,  or  salts,  always  split  up  in  the 
same  manner.    A  salt  dissociates  into  the  metal  element  and  the 
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acid  radical;  for  example,  Cu(N03)2  separates  into  Cu  and  2NO3. 
An  acid  separates  into  hydrogen  and  the  acid  radical;  H2SO4 
becomes  2H  and  SO4.  A  base  dissociates  into  the  metal  element 
and  hydroxyl;  KOH  becomes  K  and  OH.  It  appears  that  water 
and  some  other  solvents  have  the  power  of  breaking  up  the  mole- 
cules of  these  compounds,  acids,  bases,  and  salts,  and  of  holding 
the  fragments  apart  from  one  another  and  hindering  their  union.* 
An  aqueous  solution  of  such  compounds  contains,  besides  undi- 
vided molecules  of  the  solute,  at  least  two  other  kinds  of  material, 
which  result  from  the  breaking  up  of  the  molecules.  These  sub- 
divisions of  the  original  molecules  have  distinct  physical  and 
chemical  properties  of  their  own;  they  constitute  a  new  set  of 
materials.  The  hydrogen  radical  of  acids,  although  a  form  of 
uncombined  hydrogen,  differs  totally  from  the  gas  which  is  com- 
posed of  the  same  material.  It  exists  as  a  separate  substance 
only  in  solution.  Compounds  like  the  acid  radicals,  NO3  and  SO4, 
are  not  known  at  all  except  in  solutions.  Such  dissociated  parts 
of  molecules  in  solution  are  called  ions,  and  the  process  of  disso- 
ciating molecules  to  form  them  is  ionization.  The  substances 
which  are  capable  of  ionization  have  been  called  ionogens  by 
Smith.  They  are  frequently  called  electrolytes.  Ions  are  mole- 
cules, since  they  are  discrete  particles  of  elements  or  compounds 
like  other  molecules.  When  a  substance  dissolves,  it  does  so 
in  molecules  similar  in  form  to  those  of  the  undissolved  sub- 
stance, and  subsequently  ions  are  generated  ffom  some  of  these 
molecules. 

One  of  the  distinctive  physical  characteristics  of  ions  is  that 
they  carry  charges  of  electricity,  the  metal  ions  being  positively 
charged,  the  acidic  radicals  or  ions  negatively  charged.  The 
amounts  of  electricity  carried  by  different  ions  in  any  given 
instance  are  proportional  to  the  valence  of  each.  Thus  univalent 
ions  possess  like  quantities  of  electricity,  bivalent  ions  twice  as 
much,  and  so  on.  In  the  case  of  elements  having  more  than  one 
valence  the  electrical  charge  of  its  ions  may  change;  thus,  Fe'" 
may  become  Fe".  This  may  also  happen  with  some  compound 
ions.  When  the  electrical  charge  is  removed  from  an  ion,  its 
properties  alter  entirely.     The  oppositely  charged  ions,  resulting 

^  Smith,  Alexander.  Introduction  to  General  Inorganic  Chemistry,  1906, 
pp.  295  and  296. 
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from  the  dissociation  of  the  molecule  of  an  ionogen,  are  prevented 
from  separating  from  one  another  by  diffusion  by  the  attrac- 
tions of  the  electrical  charges.  The  ions  charged  with  positive 
electricity  (metals)  are  called  cations;  those  charged  with 
negative  electricity  (acid  radicals  and  non-metals)  are  called 

ANIONS. 

Electrical  Conductivity  of  Solutions. —  The  ease  with  which 
solutions  having  like  numbers  of  molecules  of  different  sub- 
stances conduct  electricity  under  like  conditions,  depends  jointly 
on  the  degree  of  ionization,  on  the  speed  with  which  the  ions 
move,  and  on  the  valence  of  the  ions.  The  most  highly  disso- 
ciated acids,  yielding  large  numbers  of  speedy  hydrogen  ions,  are 
the  best  conductors.  Highly  ionized  bases,  such  as  potassium 
and  sodium  hydroxide,  come  next.  The  salts  are  considerably 
poorer  conductors,  for,  even  in  cases  where  they  are  highly 
ionized,  their  ions  all  move  more  slowly  than  hydrogen  ions  or 
hydroxyl  ions.*  Concentrated  solutions  all  conduct  badly,  rela- 
tively to  the  number  of  molecules  entering  into  them,  because 
only  that  portion  of  the  substance  which  is  ionized  contributes 
to  the  conductivity. 

A  comparison  of  the  degrees  of  ionization  of  different  substances  in 
aqueous  solutions  shows  that:  Of  the  common  acids,  those  known  as  the 
most  active  are  ionized  to  more  than  70  per  cent  in  normal  solutions;  while 
feeble  acids,  such  as  carbonic,  are  ionized  to  less  than  one  per  cent.  Potas- 
sium hydroxide  is  ionized  77  per  cent,  and  sodium  hydroxide  73  per  cent. 
Most  salts  show  an  ionization  of  between  50  and  80  per  cent.' 

From  the  foregoing  we  must  conclude  that  a  solution  of  several 
different  compounds  capable  of  ionization  consists  of  a  mixture 
of  numerous  molecules,  some  corresponding  in  composition  to  the 
substances  in  solutions,  others  in  greater  or  smaller  numbers, 
according  to  concentration  and  the  character  of  the  substances, 
corresponding  in  composition  to  the  ions  into  which  some  of  the 
substances  may  split  up. 

The  mobility  of  all  the  molecules  of  a  liquid  solution  deter- 
mines its  liquidity  or  viscosity.  Nevertheless,  when  the  molecular 
mobility  is  so  slight  that  the  mass  behaves  as  a  solid,  the 
solution  may  still  retain  sufficient  molecular  mobility  to  allow 

^  Smith,  Alexander,  Loc.  cit.,  p.  326. 
'  Ibid,  p.  332. 


110  PRINCIPLES  OF  PHYSICS  AND  CHEMISTRY 

ionic  diffusion  to  take  place  in  response  to  an  electric  current  as 
shown  by  the  electrical  conductivity  of  heated  rock  glasses.* 
Such  glass  must  possess  a  molecular  constitution  similar  to  that 
of  a  liquid  solution,  and  distinct  from  that  of  a  crystallized  body, 
which  is  also  indicated  by  the  isotropism  of  all  its  physical  char- 
acters. The  various  kinds  of  molecules  in  a  glass  must  have  no 
regular  geometrical  arrangement,  but  must  occupy  all  possible 
positions  or  orientations  with  respect  to  one  another.  This  is  not 
the  case  with  a  mixed  crystal  of  several  isomorphous  compounds, 
though  this  has  been  called  a  solid  solution.  For  a  regular  geo- 
metrical arrangement  or  molecular  structure  is  a  characteristic  of 
crystals. 

Colloids  are  substances  that  behave  quite  differently  toward 
aqueous  solution  from  ordinary  soluble  substances.  They  diffuse 
with  extreme  slowness,  or  not  at  all;  do  not  affect  the  freezing- 
point,  boiling-point,  or  vapor-tension  of  the  liquid  in  which  they 
may  be.  They  do  not  pass  through  an  animal  membrane  as  most 
solutions  of  salts  do,  but  permit  salts  or  other  substances  in  solu- 
tion to  diffuse  through  them.  They  appear  to  be  finely  divided, 
minute  particles  of  material  in  suspension  in  a  liquid,  and  not 
actually  in  solution.  Such  a  mechanical  mixture  is  sometimes 
called  a  colloidal  solution. 

Several  subtances  occurring  in  rock  magmas  are  known  to 
assume  the  colloidal  condition  by  uniting  with  hydroxyl  (OH). 
They  are  silicon,  aluminium,  and  trivalent  iron,  yielding  Si(0H)4, 
A1(0H)3,  Fe(0H)3.  Upon  drying  they  become  Si02,  AI2O3,  and 
Fe203.  The  possible  application  of  these  reactions  to  the  crystal- 
lization of  certain  rock  minerals  will  appear  in  Chapter  IV. 

CHEMICAL  REACTIONS  m  SOLUTIONS 

In  order  to  discuss  the  chemical  reactions  that  are  likely  to  take 
place  within  a  liquid  rock  magma,  it  is  necessary  to  note  some 
general  principles  that  appear  to  underlie  chemical  reactions 
among  the  native  elements  and  their  compounds.  It  will  be 
assumed,  however,  that  the  most  elementary  laws  of  chemistry 

»  Bams,  C,  and  Iddings,  J.  P.    Am.  Jour.  Sci.,  vol.  44,  1892,  pp.  242-249. 

See  also  on  dissociation  and  electrical  conductivity  of  fused  minerals, 

Doelter,  C.    Uber   die  Dissoziation   der  Silikatschmelzen.    Sitzunst.   d.  k. 

Akad.  d.  Wiss.  in  Wien.  Math.  Naturw.  Kl.  vol.  116,  part  1,  1907,  pp.  1244- 

1309. 
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are  already  in  mind,  such  as:  the  law  of  definite  proportions,  and 
that  of  multiple  proportions  in  the  combination  of  elements;  the 
law  of  combining  weights;  the  conception  of  valence;  and  the  idea 
of  the  relative  chemical  activity  of  elements  with  respect  to  one 
another. 

Chemical  Energy.*  —  For  the  purposes  of  the  present  discus- 
sion we  may  begin  with  the  definition  of  chemical  energy,  assum- 
ing with  Ostwald  that  "  energy  is  work  and  every  other  thing 
which  can  arise  from  work  and  be  converted  into  work,"  or, 
expressing  it  more  concisely,  energy  is  the  power  of  doing  work; 
CHEMICAL  ENERGY  may  be  defined  as  that  energy  which  exists 
within  a  substance,  element  or  compound,  and,  upon  a  combina- 
tion or  dissociation  of  elements  or  compounds,  manifests  itself  in 
changes  of  temperature,  electricity,  or  of  Ught. 

Chemical  Activity  is  measured  and  expressed  in  terms  of  the 
chemical  energy  liberated  or  locked  up  in  a  particular  chemical 
reaction.  And  it  has  been  found  that  actions  involving  a  rela- 
tively large  loss  of  chemical  energy,  and,  therefore,  a  considerable 
liberation  of  heat  or  of  electricity,  proceed  rapidly;  that  is,  a  large 
proportion  of  the  material  is  changed  in  a  unit  of  time.  The  rela- 
tive chemical  activity  of  several  substances  toward  another  may 
be  reckoned  in  terms  of  the  speed  of  a  chemical  change,  as  well 
as  by  measuring  the  heat  developed,  or  the  electromotive  force 
generated  under  proper  conditions.  It  is  well  known  that  the 
chemical  activity  of  a  given  substance  is  not  the  same  toward  all 
other  substances.  Thus,  iron  unites  more  quickly  with  chlorine 
than  with  sulphur,  and  from  a  given  amount  of  iron  more  heat  is 
liberated  in  the  first  case  than  in  the  second;  while  with  sodium 
it  does  not  unite  at  all. 

Conditions  Changing  Speed  of  Chemical  Action.  Temperature. 
—  A  change  of  temperature  modifies  notably  the  rate  at  which  a 
chemical  action  takes  place.  A  rise  of  temperature  increases  the 
speed  of  all  chemical  interactions.  In  general  it  may  be  said, 
that  on  an  average,  other  things  being  equal,  an  increase  of  ten 
degrees  in  temperature  doubles  the  amount  of  material  changed 
per  second,  and  conversely. 

^  The  following  statements  regarding  chemical  reactions  are  derived  largely 
from  Alexander  Smith's  Introduction  to  General  Inorganic  Chemistry,  New 
York,  1906,  to  which  the  student  is  referred  for  greater  detail. 


112  PRINCIPLES  OF  PHYSICS  AND  CHEMISTRY 

Concentration  is  another  factor  effecting  a  change  of  chemical 
activity.  Thus  the  speed  of  interaction  of  a  body,  when  other 
conditions  are  constant,  is  directly  proportional  to  its  concentra- 
tion, that  is,  the  closeness  of  the  particles  of  the  substance  in  the 
region  of  action.  In  the  case  of  a  gas,  for  example,  when  oxygen 
at  700  degrees  is  compressed  in  contact  with  barium  oxide,  it 
unites  with  it  to  form  barium  dioxide;  but  when  the  pressure  is 
reduced  to  a  partial  vacuum,  oxygen  is  liberated,  and  the  dioxide 
is  reduced  to  monoxide. 

A  catalytic  agent  is  another  factor  in  modifying  the  speed  of 
chemical  activity.  A  catalytic  agent  is  a  substance  which  pro- 
motes a  chemical  change,  or  interaction  between  two  substances, 
without  itself  suffering  any  permanent  change.  The  change  may 
be  of  a  positive,  accelerating,  or  of  a  negative,  retarding,  char- 
acter. Water  vapor  in  small  traces  promotes  the  chemical  action 
of  oxygen  with  many  of  the  elements,  which  show  no  tendency  to 
unite  with  carefully  dried  oxygen,  even  when  they  are  strongly 
heated.  In  fact,  toater  is  to  be  regarded  as  one  of  the  commonest 
catalytic  agents.  Only  a  few  cases  of  retardation  of  chemical 
activity  by  catalytic  agents  are  kno^n. 

Solution,  especially  in  water,  is  a  factor  in  effecting  a  change  of 
speed  in  chemical  action,  usually  promoting  it  greatly,  but  not 
always.  The  most  pronounced  action  is  effected  through  the 
ionization  of  one  or  both  substances.  The  chemical  behavior  of 
ionic  substances  will  be  discussed  later  on.  Substances  whose 
chemical  interaction  is  promoted  by  solution  in  water  are  acids, 
bases,  and  salts.  Many  substances  are  less  active  chemically 
when  dissolved  in  water,  as,  for  example,  sugar.  Moreover, 
most  solvents,  if  they  effect  chemical  change  at  all,  retard  it. 

Chemical  Behavior  of  Ionic  Substances.  —  Since  Barus  has 
shown  that  rock  magmas  are  electrolytes,  that  is,  contain  ionized 
substances,  it  is  important  to  note  what  is  known  of  the  chemical 
behavior  of  ions  in  solutions.*  First,  it  may  be  noted  that  solu- 
tions of  ionogens  are  mixtures  in  that  they  contain  molecules  of 
the  solvent,  of  the  dissolved  substance,  and  the  ions  of  the  disso- 
ciated substance.  And  these  ions  are  generally  the  most  active 
parts  of  the  solution  chemically.     When  the  ionogen  is  a  complex 

*  Smith,  Alexander.  Introduction  to  General  Inorganic  Chemistry,  1906, 
p.  334,  et  seq. 
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compound  containing  several  base-forming  elements  or  radicals, 
each  of  these  becomes  a  distinct  kind  of  ion.  So  that  from  a 
compound  like  some  amphiboles  there  may  be  more  than  four  or 
five  kinds  of  ions  in  one  solution  of  it.  Each  kind  of  ion  in  a 
solution  has  its  own  physical  and  chemical  properties  and  behaves 
in  many  ways  as  though  it  were  alone  in  the  solution.  The  ions 
of  salts  may  be  simple,  composed  of  one  element,  or  complex, 
consisting  of  two  or  more.  By  chemical  reaction  between  ions  in 
solution  a  complex  ion  may  be  reduced  to  one  of  simpler  com- 
position, or  may  become  more  complex;  or  it  may  be  converted 
into  a  compound  molecule.  The  elements  that  can  form  simple, 
positive  ions  are  known  in  chemistry  as  metals.  In  some  cases 
non-metals,  like  nitrogen,  may  be  present  in  complex  positive 
ions,  as  in  NH4.  Metals  may  be  present  in  complex  negative 
ions,  usually  associated  with  oxygen,  as  in  AIO2. 

Chemical  Action  Between  Two  or  More  Salts  in  Solution.  — 
When  two  salts  are  ionized  in  a  solution  there  is  interaction 
between  the  positive  and  negative  ions  of  each.  Thus  if  NaCl 
and  KNO3  are  in  aqueous  solution  together,  there  are  possible, 
besides  the  first  two  pairs  of  ions,  Na*,  CV  and  K",  NO3',  two 
other  pairs,  namely,  Na*,  NOs'  and  K*,  01',  so  that  the  reversible 
actions  involved  may  be  represented  as  follows: 

NaCl±=;Na"    -I- 01' 
KNO3  i=5  NO3'  +  K" 

it         it 
NaN03  KCl 

This  is  known  as  double  decomposition  of  the  salts  in  solu- 
tion; and  when  the  solution  is  dilute  with  respect  to  each  pos- 
sible salt,  it  is  like  a  physical  mixture  of  them,  for  there  is  no 
noticeable  evidence  of  chemical  change  between  them. 

If,  however,  one  of  the  possible -salts  resulting  from  the  inter- 
action of  the  ions  is  so  much  less  soluble  in  the  solution  than 
the  other  salts  that  it  saturates  the  solution,  it  will  begin  to 
separate  out,  and  the  process  will  continue  until  equilibrium  has 
been  established  between  the  various  parts  of  the  solution. 
For  when  a  solid  is  being  dissolved  or  precipitated,  the  process 
is   a  reversible  physical   operation  involving  the  equilibrium 
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between  the  undissolved  and  dissolved  substance,  which  may 
be  expressed  thus: 

Molecules  (undissolved)  5F±  molecules  (dissolved). 

This  operation  involves  the  molecules  directly  and  the  ions  only 
indirectly,  for  they  are  in  equilibrium  with  the  dissolved  mole- 
cules. That  is,  when  a  solid  dissolves,  it  does  so  in  molecular 
form,  the  ions  developing  subsequently  until  equilibrium  is 
reached.     This  is  expressed  by: 

Molecules  (undissolved)  ^  molecules  (dissolved)  <=±  A*  +  B'. 

When  molecules  separate  from  solution,  equilibrium  between 
dissolved  molecules  and  ions  is  disturbed,  resulting  in  the 
uniting  of  ions  to  form  more  molecules.  If  the  ions,  which  can 
form  molecules  that  are  separating  from  the  solution,  are  sup- 
plied by  the  dissociation  of  other  molecular  compounds,  salts, 
in  solution,  this  action  will  continue  until  all  of  the  molecules 
capable  of  being  formed  in  this  way  in  excess  of  what  the  liquid 
can  hold  in  solution  have  been  separated  in  a  solid  form, 
precipitated.  A  familiar  example  is  that  of  NaCl  and  AgNOa, 
whose  interaction  is  represented  as  follows: 


NaCl  t=f  Na*     +  CI' 
AgNOa  t=f  NO3'  +  Ag- 

n 

NaNOs 


AgCl  (dissolved)  fc*  AgCl  (solid). 


Hydrolysis  of  Salts.  —  Hydrolysis  is  a  double  decomposition 
involving  water,  and  necessitates  the  slight  ionization  of  water. 
While  naturally  water  is  but  very  slightly  ionized,  and  the  pres- 
ence of  its  ions  in  an  aqueous  solution  may  be  neglected,  there 
are  cases  in  which  the  chemical  behavior  of  its  ions  must  be 
reckoned  with.  Compare  the  catalytic  action  of  water.  The 
ionization  of  water  results  in  hydrogen  ions,  H',  and  hydroxyl 
ions,  OH',  and  each  of  these  combining  with  the  electrically 
opposite  ion  of  a  dissolved  salt  forms  a  small  amount  of  base 
and  acid  in  solution.  If  one  of  these  compounds,  base  or  acid, 
is  much  more  readily  ionized  than  the  other,  the  ionic  equi- 
librium will  be  disturbed  to  the  extent  that  the  less  ionized 
compound  will  withdraw  hydrogen  ions,  or  hydroxyl  ions,  from 
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the  solution,  making  it  possible  for  more  to  separate  from  the 
water  until  a  noticeable  amount  of  the  more  ionizable  pair, 
acid  or  base,  exists  in  the  solution,  producing  an  acid  or  alka- 
line character  as  the  case  may  be.  Consequently  hydrolysis 
is  more  noticeable  when  the  salt  is  compounded  of  an  acid  and 
base  of  very  different  degrees  of  activity,  whether  it  is  the  acid 
or  the  base  that  is  the  weaker.  In  the  first  case  the  result  of 
the  hydrolysis  is  a  basic,  alkaline,  reaction;  in  the  second,  an 
acid  reaction.  Other  things  being  equal,  salts  containing 
bivalent  or  trivalent  radicals  are  more  noticeably  hydrolyzed 
than  are  those  composed  only  of  univalent  radicals. 

In  aqueous  solutions,  then,  it  is  necessary  to  add  to  the  ions  of 
the  dissolved  compound  those  of  the  solvent,  water.  When  a 
solution  is  considered  a  mutual  solution  of  two  or  more  sub- 
stances the  ions  involved  in  its  proper  discussion  are  all  those 
capable  of  forming  from  its  ionizable  components. 

Acids,  or  Hydrogen  Salts.  —  Compounds  like  HCl  and  H2SO4 
are  commonly  called  acids,  but  their  acid  properties  are  only 
exhibited  when  ionized  in  water  or  some  other  ionizing  solvent, 
and  then  the  acid  properties  are  found  to  belong  wholly  to  the 
hydrogen  ion,  H*.  The  compounds  in  question  are  salts  of 
hydrogen,  in  which  hydrogen  plays  the  rdle  of  a  metal.  Hydro- 
gen salts  upon  ionization  always  yield  positive  hydrogen  ions, 
H*,  just  as  all  potassium  salts  yield  positive  potassium  ions,  K*. 
The  negative  ions  from  similar  salts  of  hydrogen  or  potassium 
are  alike  in  each  case. 

Generally  hydrogen  salts  exchange  radicals  with  the  other 
ionogens;  often,  even,  when  dissolved  in  non-dissociating 
liquids.  They  frequently  do  it  also  in  the  absence  of  a  solvent, 
especially  when  heated.  They  are  diflFerently  soluble  in  water 
and  give  acids  of  very  different  activity. 

Ionization  of  Acids.  —  The  number  of  kinds  of  ions  derivable 
from  an  acid,  or  hydrogen  salt,  varies  with  the  units  of  hydro- 
gen in  its  molecule.  Those  with  only  one  of  hydrogen  can  yield 
only  two  kinds  of  ions,  such  as  HCl  i=;  H*  +  CI'.  Those  with 
two  units  of  hydrogen  may  furnish  three  kinds.  Thus  H2SO4 
may  produce  H'  H-  HSO4',  and  HSO4  may  yield  H'  +  SO4' 


// 


H2SO4 1:;  H-  +  HSO4'  t^  H'  +  SO4 


// 
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HSO4'  is  an  acid  which  is  less  active  than  H2SO4  and  is  there- 
fore less  ionized  in  aqueous  solution.  Consequently  in  con- 
centrated solutions  of  H2SO4  there  is  much  HSO4'  and  little 
SO4/'  but  in  very  dilute  solutions  SO4''  predominates.  This 
behavior  is  common  to  all  acids  containing  more  than  one 
hydrogen  unit  in  the  molecule.  It  must  then  apply  to  ortho- 
silicic  acid,  H4Si04,  with  four  units  of  hydrogen. 

Chemical  Activity  of  Acids.  —  The  activity  of  an  acid,  or 
hydrogen  salt,  depends  upon  the  extent  to  which  water  is  able 
to  ionize  it,  for  the  greater  the  ionization  the  greater  the  num- 
ber of  hydrogen  ions  developed  in  a  given  amount  of  solutions 
containing  equivalent  quantities  of  hydrogen  salts,  that  is,  the 
greater  the  concentration  of  hydrogen  ions.  And  as  already 
pointed  out,  the  chemical  activity  of  any  substance  depends  on 
its  concentration.  Since  hydrogen  salts  differ  greatly  in  the 
extent  to  which  they  may  be  ionized  in  aqueous  solution  they 
furnish  acids  of  very  different  degrees  of  activity.  When  a 
hydrogen  salts  is  but  slightly  soluble  in  water,  as  is  the  case 
with  silicic  acid,  H4Si04,  there  can  be  but  very  slight  concen- 
tration of  ions  in  an  aqueous  solution  of  silicic  acid. 

Bases,  or  Hydroxyl  Salts.  —  Compounds  like  K(OH)  and 
Mg(0H)2  are  commonly  called  bases,  but  their  basic  proper- 
ties are  exhibited  only  when  in  solutions  in  which  ionization 
has  taken  place,  and  the  peculiar  characteristics  of  bases  are 
wholly  attached  to  the  hydroxyl  ion,  OH',  so  that  such  com- 
pounds should  be  considered  as  salts  of  a  metal  or  of  some 
electrically  positive  radical,  as  in  the  case  of  NH4OH,  in  which 
hydroxyl  is  the  negative  radical. 

Generally  salts  of  hydroxyl  undergo  double  decomposition 
with  other  ionogens,  even  in  the  absence  of  solvents,  and  since 
they  are  ionized  to  different  extents  in  solutions  of  equivalent 
concentration,  and  yield  different  concentrations  of  hydroxyl 
ions,  their  solutions  exhibit  different  degrees  of  basic  activity. 
The  common  hydroxyl  salts,  except  those  of  potassium,  sodium, 
barium,  strontium,  calcium,  and  ammonium,  are  very  slightly 
soluble  in  water. 

Ionic  Double  Decomposition  between  Acids  and  Salts,  and 
between  Bases  and  Salts.  —  The  interaction  is  similar  to  that 
which  takes  place  between  two  salts  as  already  described,  for  the 
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acid  may  be  considered  a  hydrogen  salt,  and  the  base  in  turn  a 
hydroxyl  salt.  When  a  highly  dissociated  acid  and  salt  are 
mixed  there  is  a  reversible  action  leading  to  the  production  of 
another  acid  and  salt.    Thus 

H2SO4  fc?  2  H-  +  SO4" 
2  NaCl  t?  2  CI'  +  2  Na 

Ti        U 

2HC1    Na2S04 

If  the  new  compounds  are  as  highly  ionized  as  the  first,  there  is 
no  marked  change  in  the  mixture.  If  there  is  a  notable  change  in 
the  ionization,  though  all  of  the  compounds  may  remain  in  solu- 
tion, the  changed  condition  of  the  solution  will  be  recognizable 
in  its  electrical  conductivity.  If  one  of  the  new  compounds  is 
considerably  less  soluble  than  the  first,  it  may  saturate  the  solu- 
tion and  separate  from  it  by  precipitation. 

When  a  base  and  a  salt  are  mixed  in  a  solution,  the  interaction 
is  analogous  to  that  just  described  for  an  acid  and  base.  There 
will  tend  to  form  a  new  base  and  salt. 

Ionic  Double  Decomposition  and  Chemical  Activity  of  the  free 
substances  are  not  directly  related  to  one  another,  for  the  pre- 
cipitation of  a  salt,  acid,  or  base,  depends  wholly  on  the  solubility 
of  the  compound,  and  not  on  the  degree  of  activity  of  the  ions, 
since  relatively  inactive  ions  may  form  slightly  soluble  compounds 
in  the  presence  of  more  active  ions  and  their  compounded 
molecules. 

Double  Decomposition  between  Acids  and  Bases.  Neutraliza- 
tion. —  When  an  acid  and  a  base  react  on  one  another  in  solution, 
the  ionic  interchange  almost  always  continues  until  a  complete 
exchange  has  taken  place,  resulting  in  a  salt,  composed  of  the 
positive  metal,  or  radical,  of  the  base  and  the  negative  element, 
or  radical,  of  the  acid,  besides  water,  the  compound  of  the  nega- 
tive radical,  OH',  of  the  base  and  the  positive  element,  H',  of 
the  acid.    Thus 

NaOH  +  HNO3  -^  NaNOa  +  H2O. 

When  equivalent  quantities  of  acid  and  base  are  combined,  the 
result  is  a  mixture  with  neither  acid  nor  basic  properties,  since  all 
of  the  hydrogen  ions  and  hydroxyl  ions  have  combined  to  form 
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H2O.     Its  behavior  being  neutral  in  this  respect,  the  action  is 

called  NEUTRALIZATION. 

Mixed  lonogens  and  Double  Salts.  —  When  a  negative  ion  is 
univalent,  as  CV,  it  generally  unites  with  but  one  kind  of  positive 
ion,  giving  a  simple  salt,  called  normal,  or  neutral,  salt,  such 
as  KCl.  In  this  case  the  acid  is  said  to  be  monobasic.  When  the 
ion  has  a  higher  valence  several  different  cases  may  arise,  which 
are  illustrated  as  follows: 

From  CO»"  From  Fe" 

HjCO, acid  Fe(OH), base. 

KjCOg normal  salt.  FeS04 normal  salt. 

KHCO3 acid  salt.  Fe(0H)S04 basic  salt. 

KNaCO, mixed  salt.  FcaClaSO^ mixed  salt. 

In  acid  salts  only  part  of  the  hydrogen  has  been  replaced  by 
a  metal  or  a  positive  radical.  It  may,  or  may  not,  exhibit  an  acid 
reaction  when  in  solution.  If  the  hydrogen  ions  are  too  few,  its 
action  may  be  neutral.  The  same  is  true  of  basic  salts.  They 
may  not  show  a  basic  reaction  in  solution.  On  the  other  hand 
a  neutral  salt  may  give  an  alkaline  reaction  because  of  hydrolysis. 
The  names  acid,  basic  and  neutral  are  used  to  indicate  the 
character  of  the  composition  of  a  salt,  and  not  its  reaction  when 
in  solution.  Mixed  salts,  when  they  may  be  considered  as  made 
up  of  two  salts,  2  KNaCOa  =  K2CO3  +  Na2C03,  are  sometimes 
called  DOUBLE  salts. 

The  foregoing  statements  concern  the  dissociation  and  com- 
bination of  ions.  There  are  other  ways  in  which  ionic  chemical 
changes  may  be  effected.  One  is  the  displacement  of  the  material 
of  one  ion  by  another  substance,  through  the  withdrawal  of  the 
first.  Another  is  the  destruction  or  formation  of  a  compound 
ion,  by  chemical  action  on  it.  Another  affects  the  electrical 
charges  of  two  ionic  materials. 

Displacement  of  one  Ion.  —  When  a  metal  like  zinc  is  placed 
in  dilute  acid,  hydrogen  is  liberated  and  the  ionic  change  is  ex- 
pressed by 

Zn  +  2  H'  ->  Zn  •  +  Hg. 

Hydrogen  escapes  and  zinc  would  be  recovered  from  solution 
as  a  zinc  salt  of  the  acid  used.  Zinc  will  displace  ions  of  iron, 
lead,  copper  and  silver,  but  not  those  of  calcium,  and  potassium. 
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When  all  metals  are  investigated  in  this  respect,  they  are  found 
to  fall  into  a  series  in  which  each  metal  is  capable  of  displac- 

Electromotivb  ^^^  ^^^  metals  following  it  in  the  series.  This  is 
Series  known  as  the  ELECTROMOTIVB  series  of  the  metals, 

Potassium  ^^^  ^*  corresponds  to  the  varying  electromotive 

Sodium  force  required  to  deposit  each  metal  from  a  normal 

solution  of  the  salts  of  each  metal.   Those  metals 

Calcium  most  commonly  met  with  in  rock  magmas  are 

Maenesium  i  -^l-ix  x*  •         !_•• 

Aluminium  shown    m   their   electromotive  series,   beginning 

Manganese  with  the  strongest,  potassium.     The  order  in  this 

Chromium series  also  corresponds  to  their  chemical  activities 

_ in  a  free  state  toward  other  elements.      This  is 

Cobalt  well  illustrated  by  their  behavior  toward  oxygen. 

Nickel  The  first  elements  in  the  series  combine  readily 

Hydrogen w^**^   oxygen,   while    the    last   in    the   series   do 

not.    The  same  relative  activities  must  be  shown 

Platinum toward  silicon  and  its  acid  radicals.     The  nega- 

Gold  tive    acid-forming    elements    and    ions    can    be 

arranged  in  a  similar  manner. 

.  As  stated  by  Smith  "  It  must  be  noted  that  the  electromotive 
series  has  no  bearing  on  the  tendency  of  one  radical  to  dislodge 
another  in  double  decompositions.  The  place  of  an  element  in 
this  series  defines  its  relative  activity,  when  free y  and  has  to  do 
only  with  actions  where  one  free  element  displaces  another."  ^ 

^  Loc.  cit,  p.  362. 


CHAPTER  IV 
CHEMICAL  REACTIONS  IN  ROCK  MAGMAS 

Introduction.  —  In  discussing  the  chemical  and  physical 
behaviors  of  molten  rock  magmas,  it  is  possible  to  begin  with 
the  consideration  of  the  chemical  reactions  which  may  be 
reasonably  expected  to  take  place  if  the  chemical  elements 
known  to  occur  in  igneous  rock  were  brought  within  reach  of 
one  another  at  temperatures  and  pressures  likely  to  obtain 
within  the  earth.  For  the  compounds  —  minerals  —  formed  in 
igneous  magmas  are  inorganic,  and  may  be  produced  in  the 
laboratory  by  the  interaction  of  the  constituent  elements  at 
proper  temperatures,  and  under  conditions  favorable  to  their 
crystallization.  And  since  the  relative  proportions  of  the 
elements  so  brought  together  must  affect  the  character  of  the 
resulting  compounds,  and  as  there  are  many  possible  varia- 
tions in  these  proportions  in  different  kinds  of  igneous  rocks, 
it  is  necessary  to  select  some  particular  case  as  a  basis  for  the 
discussion.  For  reasons  which  will  appear  in  the  sequel  the 
composition  of  an  average  of  all  known  igneous  magmas  may 
be  advantageously  chosen.  The  possible  average  analysis  as 
estimated  by  Clarke  has  already  been  cited  on  page  24.  Leaving 
out  of  consideration  for  the  present  the  elements  occurring  in 
very  small  amounts,  with  the  exception  of  those  that  are  com- 
monly noted  in  pyrogenetic  minerals,  the  relative  proportions 
of  the  elements  by  weight  are  given  in  column  I;  their  relative 
proportions  by  atoms  in  column  II. 

I.  Perpentage  II.  Atomic 

weights.  proportions. 

Oxygen O             47.09  2.943 

Phosphorus P                  .11  .003 

Silicon Si             28.23  .994 

Titanium Ti                 .43  .009 

Zirconium Zr                 .03  .000 

Aluminium Al              7.99  .294 

Ferric  iron Fe  1 .81  .032 

Ferrous  iron Fe  2.64  .047 

Magnesium Mg  2.46  .101 

Calcium Ca  3.43  .085 

Sodium Na  2.53  .109 

Potassium -. . . . K  2.44  .062 

Hydrogen H  .17  .168 

Remainder .64 
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From  this  it  is  seen  that  three-fifths  of  the  whole,  atoinically, 
is  oxygen,  an  active  element  capable  of  combining  with  all  the 
other  elements  under  consideration,  with  which  it  may  enter 
acid  or  basic  radicals,  forming  compounds  known  as  salts;  or  it 
may  form  oxides,  according  to  the  kinds  and  proportions  of  the 
other  elements.  These  elements  belong  to  several  chemical 
groups,  the  members  of  which' often  behave  very  much  alike. 
They  are:  (1)  phosphorus;  (2)  silicon,  titanium,  zirconium; 
(3)  aluminium,  ferric  iron;  (4)  ferrous  iron,  magnesium,  calcium; 
(5)  sodium,  potassium;  (6)  hydrogen. 

Phosphorus,  though  in  very  small  amount,  is  so  universally 
present  in  rock  magmas  that  it  should  enter  into  the  discussion. 
Since  it  possesses  several  valencies,  it  combines  with  oxygen 
in  a  number  of  ways,  and  may  form  four  different  acids;  ortho- 
phosphoric  acid  being  H3PO4.  This  is  a  stronger  acid  than 
most  other  acids  with  which  it  is  associated  in  rock  magmas. 
The  salts  of  this  acid  with  the  strongly  basic,  alkali  elements 
are  not  stable  compounds,  being  soluble  in  water,  but  the  next 
active  base-forming  element  in  the  series,  calcium,  forms  with 
it  a  more  stable  salt,  and  orthophosphoric  acid  is  known  to  form 
a  very  stable  complex  salt  with  calcium  and  a  basic  fluorine 
radical  (CaF),  sometimes  a  chlorine  radical  (CaCl).  This  is 
(CaF)Ca4(P04)3;  when  crystaUized  it  is  fluor-apatite,  whose 
melting  point  at  atmospheric  pressure  is  from  1270°  to  1300*^  C. 
This  compound  may  exist  in  very  small  quantities  in  liquid 
rock  magmas  of  an  average  composition. 

Silicon  constitutes  nearly  one-fifth  of  the  average  magma 
atomically,  and  is  next  in  importance  to  oxygen.  It  is  a  non- 
metallic  element  with  constant  valence,  and  combines  with 
oxygen  to  form  several  kinds  of  silicic  acids  and  their  corre- 
sponding salts,  or  to  form  simply  an  oxide,  Si02. 

While  silicon  resembles  carbon  in  some  respects,  it  differs  from  it  in  not 
occurring  in  a  free  state  as  carbon  frequently  does;  it  is  fusible  at  a  very 
high  temperature;  and  at  high  temperatures  it  seems  to  be  more  active 
chemically  than  carbon,  since  it  will  displace  carbon  from  a  salt  such  as 
potassium  carbonate  when  in  a  fused  condition.  Silicon  also  differs  from 
carbon  notably  in  that  it  combines  with  hydrogen  in  only  two  well-defined 
compounds.  The  hydride  SiH4  is  decomposed  on  heating.  Silicon  dioxide, 
SiOa,  though  differing  markedly  from  CO,  in  physical  characters,  behaves 
much  like  it  chemically,  and  will  displace  carbon  dioxide  from  alkali  car- 
bonates at  high  temperatures. 
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Silicic  Acid  is  so  difficultly  soluble  in  water  that  little  is 
known  of  its  characters  by  laboratory  observation  in  aqueous 
solutions.  It  may  be  separated  from  a  solution  of  alkali  sili- 
cate, such  as  Na4Si04,  presumably  as  H4Si04;  more  correctly  as 
8104'^''  ions,  which  are  supposed  to  unite  with  hydrogen  ions, 
4H',  to  form  orthosilicic  acid,  H4Si04.  But  in  this  process 
it  separates  as  a  gelatinous  precipitate,  Si(0H)4.  Upon  drying, 
this  compound  loses  water  gradually,  until  it  finally  reaches  an 
anhydrous  condition,  as  Si02.  During  this. transition  from  a 
composition  corresponding  to  that  of  orthosilicic  acid  it  passes 
through  stages  in  which  it  has  the  composition  of  meta-,  poly-, 
and  disilicic  acids,  as  indicated  by  the  following: 

H4Si04  —  £[48104  orthosilicic  acid 

H^SiO^  -  H,0  =  H^iOg  metasilicic  acid 
3  H^SiO^  -  4  H,0  =  H^SijOg  polysilicic  acid 
2  H^SiO^  -  3  H,0  «  HjSi  A  disilicic  acid 

If  these  represented  definite  compounds  during  the  process 
of  drying  there  should  be  steps  in  the  changes  of  vapor  tension 
of  the  water  corresponding  to  these  definite  stages  of  compo- 
sition. But  nothing  of  the  sort  is  observed.  The  existence  of 
these  acids  is  inferred  from  the  definite  and  stable  character 
of  numerous  silicate  compounds. 

The  behavior  of  the  precipitated  silicon  jelly  with  respect  to  vapor  ten- 
sion is  analogous  to  its  behavior  with  regard  to  osmotic  pressure  and  freez- 
ing point,  and  indicates  that  the  substance  is  in  a  colloidal  condition.  That 
is,  a  condition  in  which  it  is  not  in  solution,  or  a  part  of  the  liquid,  but  is  in 
a  finely  divided,  solid  state,  capable  of  remaining  in  suspension  in  the  liquid 
under  some  conditions,  or  of  settling  with  some  of  the  liquid  mixed  with  it. 
From  this  it  is  evident  that  compounds  having  the  composition  of  the  silicic 
acids  are  but  very  slightly  soluble- in  water  under  the  conditions  of  tem- 
perature and  pressure  ordinarily  accompanying  laboratory  investigations. 
It  may  be  further  assumed  that  substances  in  a  colloidal  state  are  less  active 
chemically  than  they  would  be  if  dissolved  in  any  liquid. 

A  molten  rock  magma  is  not  primarily  an  aqueous  solution 
although  the  constituents  of  water  are  parts  of  it,  and  tran- 
sitions from  a  magma  very  poor  in  water  to  those  which 
may  contain  much  of  it  undoubtedly  exist.  In  the  magma 
represented  by  the  average  analysis  under  consideration,  water 
forms  only   1.5  per  cent,   and    the  oxidized  silicon   may  be 
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imagined  as  combining  directly  with  other  constituents  so  far 
as  possible  without  the  intervention  of  water. 

Such  combinations  have  been  effected  repeatedly  in  the  laboratoiy  by 
heating  together  the  elements  given  in  an  analysis,  and  the  resulting  com- 
pounds have  in  many  cases  the  same  composition  and  physical  characters 
as  rock  minerals.  Frequent  reference  will  be  made  to  the  results  of  these 
synthetical  investigations,  but  no  attempt  will  be  made  to  rehearse  them  at 
length.  The  student  will  find  them  described  in  the  publications  of  Fouqu^ 
and  Michel-L^vy,*  Doelter,*  Vogt,'  Day,*  Morozewicz,*  and  others. 

A  study  of  these  laboratory  productions  as  well  as  of  igneous 
rocks  themselves  shows  that  salts  of  several  different  silicic 
acids  form  by  the  side  of  one  another,  their  character  and 
abundance  depending  on  the  nature  of  the  basic  elements 
present  in  the  mixture,  and  on  their  proportions.  Orthosilicates, 
metasilicates,  and  polysilicates  commonly  form  in  the  presence  of 
one  another;  sometimes  accompanied  by  uncombined,  or  free, 
silicon  dioxide.  And  it  is  evident  that  the  formation  of  the 
different  kinds  of  acid  ions,  or  their  salts,  is  controlled  pri- 
marily by  the  strength,  or  chemical  activity,  of  the  base-forming 
elements;  is  dependent  also  on  the  amount  of  silicon  available  in 
the  solution,  and  may  be  modified,  of  course,  by  other  factors. 
This  will  appear  in  the  tabulated  statement  below. 

Of  the  base-forming  elements  uniting  with  silicic  acids  in  the 
mixture  of  the  average  magma  aluminium  is  in  greatest  atomic 
abundance.  It  is,  however,  the  weakest  in  its  basic,  or  acidic, 
behavior,  being  capable  of  playing  the  r61e  of  acid  toward  a 
strong  base,  or  that  of  a  base  toward  a  strong  acid. 

It  is  to  be  noted  that  aluminium  does  not  combine  with 
silicic  acid  alone  in  these  mixtures  under  most  conditions  attend- 
ing the  formation  of  igneous  rocks,  or  not  to  any  appreciable 
extent,  but  always  enters  a  molecule  with  other  basic  elements. 

*  Fouqu^,  A.,  and  Michel-L^vy,  A.  Synthase  des  Min^raux  et  des  roches 
Paris,  1882. 

'  Doelter,  C.  Allgemeine  chemische  Mineralogie,  1890,  and  numerous 
publications  in  Neues  Jahrb.  Min.  Petr.,  etc.,  and  in  Tscher.  min.  petr. 
Mitth. 

*  Vogt,  J.  H.  L.  Die  Silikatschmelzlosungen,  etc.  Videnskabs-Selska- 
bete  Skrifter,  I  Math.-naturv.  Klasse,  1903,  No.  8;  and  1904,  No.  1. 

*  Day,  A.  L.,  et  alia,  numerous  publications  in  Am.  Jour.  Sci.  and  in 
Publications,  Carnegie  Institution,  Washington. 

•  Morozewicz,  J.  Tscher.  min.  petr.  Mitth.,  vol.  18,  1898,  pp.  1-90,  and 
105-240. 
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These  elements  are:  (1)  potassium  and  sodium;  (2)  calcium; 
(3)  magnesium  and  iron.  Potassium  and  sodium  are  the  most 
active  base-forming  elements;  calcium  is  less  so;  and  mag- 
nesium and  iron  are  still  less  active  chemically.  This  sequence 
accords  with  their  behavior  in  other  respects,  as  in  the  electro- 
motive series.  The  difference  in  the  tendencies  of  alumin- 
ium to  associate  itself  with  the  different  elements  just  named 
is  so  marked,  and  some  of  its  combinations  are  so  definite 
and  invariable,  that  the  relationships  in  question  become  signifi- 
cant of  the  relative  strengths  of  combination,  or  of  affinities, 
among  these  particular  elements  under  the  conditions  of  fusion 
assumed.  The  same  has  been  said  of  the  relation  betw^n  these 
elements  and  the  various  silicic  acids,  and  the  relationships  will 
be  illustrated  by  the  simplest  salts  commonly  forming  in  these 
mixtures.  From  these  simple  compounds  the  discussion  can 
proceed  to  the  more  complex. 

Common  Simple  Silicates.  —  The  following  are  the  commonest 
simple  silicate  salts  that  form  in  rock  magmas;  also  different 
expressions  for  the  silicic  acids,  and  their  negative  radicals. 


SILICIC  ACIDS 

Orthosilicic 

H,SiO, 

or        H^SiO^        or 

H,(SiO,)  • 

=     (SiOJ 

Metasilicic 

H,SiO, 

H,Si,0. 

H,(SiO,), 

=    (SiA) 

Polysiiicic 

H,Si,0, 

H,Si30, 

H,(Si,0,) 

=     (Si,OJ 

Disilicic 

H^i,0, 

H,Si,0.o 

H,(Si,0,), 

-    (SiAo) 

POLYSILICATES. 

METASILICATES. 

ORTHOSILICATES. 

(orthoclase)        (albite) 

At !  Si  A 

(leucite) 

AI=lSiO, 
(nephelite) 

Al-}SiO. 
(anorthite) 

k 

(Mg.Fe)-  (^^^« 
(diopside) 

(Mg,Fe,)^i,0, 
(hyperethene) 

(Mg,Fe),  =SiO, 

(olivine) 
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In  these  salts  it  will  be  noted  that  the  highest  silicic  acid  of 
the  three,  polysilicic,  or  trisilicic,  is  united  only  with  the  strong- 
est base-forming  elements,  potassium  and  sodium;  and  further 
that  the  stronger  of  the  two,  potassium,  may  also  form  a  normal 
metasilicate,  whereas  sodium  does  not  form  one  of  common 
occurrence  (p.  128),  but  may  form  an  orthosilicate.  It  is  also 
notable  that  in  these  compounds  aluminium  is  combined  in  the 
definite  atomic  ratio  to  the  alkali  of  1  :  1.  When  it  is  remem- 
bered that  potassium  is  the  strongest  base-forming  element  and 
that  silicic  acid  is  a  comparatively  weak  acid,  though  polysilicic 
acid  is  probably  stronger  than  meta-  and  orthosilicic  acids,  the 
rdle  of  aluminium  in  these  compounds  is  in  doubt.  Does  it 
belong  with  the  negative,  acid  radical,  or  with  the  positive^ 
basic  radical?  Whatever  its  rdle,  it  is  never  in  variable  pro- 
portions with  either  the  alkali  or  the  silicon  in  these  molecules, 
which  are  definite  and  fixed.  Certain  variations  in  the  ortho- 
silicate  molecule,  nephelite,  have  been  discussed  in  another  place. 
Aluminium  enters  an  orthosilicate  with  calcium,  the  two  being 
in  the  definite  atomic  ratio  of  2  :  1. 

All  of  these  five  salts  may  form  from  one  solution  and  occur 
together  in  some  igneous  rocks  when  the  elements  in  the  solu- 
tion are  in  proper  proportions.  If,  however,  they  are  not  in 
sufficient  amounts,  but  there  should  be  insufficient  aluminium 
to  form  all  five  salts,  other  things  being  constant,  then  the  rela- 
tive affinities  between  the  other  base-forming  elements  and 
aluminium  show  themselves.  And  it  appears  that  the  potas- 
sium and  sodium  will  combine  with  aluminium  to  the  exclusion 
of  calcium.  And  when  there  is  insufficient  aluminium  to 
satisfy  all  the  alkalies,  then  potassium  combines  with  it  in  pref- 
erence to  the  sodium.  The  strongest  base-forming  element 
appears  to  exert  the  strongest  control  over  the  aluminium. 

As  to  the  formation  of  the  different  silicates  of  the  alkalies 
and  aluminium,  it  has  been  observed  in  igneous  rocks  and  in 
laboratory  synthesis  that  the  highest  silicjate,  polysilicate, 
forms  when  there  is  sufficient  silica  in  the  solution,  and  that  the 
meta-  and  orthosilicates  of  these  elements  form  only  when  the 
available  silica  is  insufficient  to  form  the  polysilicates.  They 
do  not  form  in  the  presence  of  free  silica.  Furthermore,  of  the 
two  alkalies,  potassium  has  the  stronger  control  of  the  silicic 
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acid,  for  if  there  is  insufficient  silicon  to  form  both  the  potassium 
and  sodium  polysilicate  salts  it  is  the  sodium  that  enters  the 
lower  silicate,  in  this  case  an  orthosilicate,  while  the  potassium 
forms  the  polysilicate;  moreover,  the  potassium  metasilicate 
does  not  form  in  the  presence  of  the  pure  sodium  polysilicate, 
though  it  does  form  when  the  latter  salt  is  in  the  control  of  its 
isomorphous  calcium-aluminium  silicate,  a  condition  discussed 
at  length  on  p.  134.  The  relative  strength  of  the  alkalies  and 
calcium  toward  aluminium  and  the  silicic  acids  having  been 
indicated,  it  remains  to  point  out  their  relative  strengths  as 
compared  with  masrnesium  and  ferrous  iron  as  shown  by  the 
remaining  common  silicate  salts. 

Comparing  calcium  with  magnesium  and  ferrous  iron,  it  is  to  be 
noted  that  calcium  commonly  forms  with  magnesium  and  iron 
a  metasilicate,  the  atomic  ratio  between  the  calcium  and  the 
other  two  basic  elements  in  the  great  majority  of  cases  being  1:1. 
Smaller  proportions  for  the  calcium  have  been  noted  in  some 
cases.  Moreover,  calcium  does  not  form  a  simple  metasilicate 
in  igneous  rocks,  except  possibly  in  rare  instances,  whereas  mag- 
nesium and  ferrous  iron  commonly  form  a  metasilicate  free  from 
calcium.  They  also  form  the  orthosihcate,  usually  when  there 
is  insufficient  silicic  acid  to  form  the  metasilicate,  but  to  this  there 
are  notable  exceptions  to  b<*  discussed  in  another  place.  Calcium 
does  not  enter  this  orthosilicate,  nor  does  it  form  one  by  itself 
in  igneous  rocks.  It  occurs  in  several  aluminous  orthosilicates, 
one  of  which,  anorthite,  has  already  been  discussed;  the  others 
are  not  so  common.  From  these  facts  it  appears  that  calcium 
has  a  stronger  hold  on  silicic  acid  than  magnesium  and  ferrous 
iron,  which  may  form  orthosilicates  by  the  side  of  calcium 
metasilicates. 

As  to  the  relative  strengths  of  the  alkalies  'toward  silicic  acid 
as  compared  with  that  of  magnesium  and  ferrous  iron,  it  is  shown 
by  the  formation  of  polysilicates  to  be  stronger,  and  when  there 
is  insufficient  silicon  to  form  polysilicates  of  the  alkalies  and 
metasilicate  of  magnesium  and  iron,  it  is  the  latter  that  form 
the  lower  silicates  rather  than  the  alkalies.  Thus  orthosili- 
cate of  magnesium  and  iron,  olivine,  forms  in  association 
with  polysilicates  of  the  alkalies,  orthoclase,  albite,  but  the 
metasilicate  of  magnesium  and  iron,  hypersthene,  does  not  form 
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in  association  with  meta-  and  orthosilicates  of  the  alkalies,  leucite, 
nephelite. 

As  between  magnesium  and  ferrous  iron,  the  former  exhibits 
the  stronger  control  over  silicic  acid  in  igneous  rocks,  for  mag- 
nesium rarely  forms  a  compound  free  from  silicic  acid,  while  iron 
commonly  does,  occurring  as  an  oxide,  hematite,  and  as  a  ferrate, 
magnetite. 

While  the  above  method  of  expressing  the  chemical  relation- 
ships between  the  elements  in  the  solution  under  discussion  is 
entirely  justified  when  the  problem  is  considered  from  the  point 
of  view  assumed,  it  is  probable  that,  when  the  behavior  of  the 
compounds  is  viewed  in  the  light  of  certain  physico-chemical 
phenomena,  other  modes  of  expression  will  be  found  to  be  more 
fitting. 

Having  considered  the  most  fundamental  relationship  between 
the  commonest  elements  in  igneous  rocks  as  it  may  be  illustrated 
by  the  simplest  cases,  a  discussion  of  more  complex  relations  and 
in  some  cases  less  simple  compounds  will  be  in  order. 

Alkali- Aluminitun  Silicates.  —  The  potassium-sodium-alumin- 
ium silicates  just  discussed  are  not  the  only  ones  that  form  in 
rock  magmas,  or  .the  only  ones  that  might  be  expected  to  form. 
Lithium  is  noted  in  traces  in  many  igneous  rocks,  and  occurs  in 
notable  amounts  in  certain  varieties  of  them.  It  forms  isomor- 
phous  compounds  with  potassium  and  sodium  in  some  instances, 
and  the  analogies  and  differences  between  these  compounds  fur- 
nish an  interesting  field  for  physico-chemical  investigation.  The 
following  mineral  compounds  are  known,  but  are  not  all  pyro- 
genetic: 


DISILICATE. 

POLYSILICATE. 

METASILICATE. 

ORTHOSILICATE. 

ijijSiA 

(orthoclase) 

(leucite) 

(kaliophilite) 

(albite) 

(jadeite) 

(nephelite) 

(petalite) 

(spodumene) 

(eucryptite) 
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The  disilicate  is  petalite,  formed  in  pegmatite  magmas  with 
polysilicates,  orthociase,  albite,  and  with  the  metasilicate  of 
lithium  and  aluminium,  spodumene;  usually  in  the  presence  of 
free  sihca,  quartz.  Why  are  there  no  corresponding  disilicates 
of  potassium  and  sodium?  On  the  other  hand,  there  is  no  lithium 
aluminium  polysilicate,  which  might  accompany  the  polysilicates, 
orthociase  and  albite.  Of  the  metasilicates,  the  potassium  salt, 
leucite,  is  well  known  in  certain  kinds  of  rocks  comparatively 
low  in  silica,  whereas  the  corresponding  lithium  compound, 
spodumene,  is  equally  well  known  in  rocks  rich  in  free  silica. 
The  two  minerals  are  not  isomorphous,  however.  The  sodium 
compound,  jadeite,  is  extremely  rare  as  a  mineral,  and  is  of 
uncertain  origin.  But  a  hydrated  compound,  analcite,  is  some- 
times pyrogenetic,  and  has  the  same  crystal  habit  as  leucite,  the 
potassium  compound.  As  orthosilicate  compounds  the  three 
alkalies  are  known  to  form  crystals  belonging  to  the  same  system, 
hexagonal.  But  only  the  sodium  compound,  nephelite,  forms 
in  rock  magmas,  the  other  two  being  secondary  minerals.  The 
potassium  mineral,  kaliophilite,  has  been  formed  by  contact 
metamorphism  whereby  it  appears  as  though  the  calcium  of  a 
carbonate  partly  reduced  the  metasilicate  molecule  leucite, 
depositing  the  orthosilicate  in  the  block  of  metamorphosed  lime- 
stone (Mte.  Somma).  The  lithium  mineral,  eucryptite,  has 
been  formed  from  the  metasilicate,  spodumene,  by  a  process  of 
dissociation  into  ortho-  and  polysilicate,  albite,  (Branch ville). 

It  is  further  to  be  noted  that  the  nephelite  that  forms  in  rock 
magmas  always  contains  some  potassium  (Na  :K::4:lto5:l). 
But  this  does  not  enter  as  an  isomorphous  orthosilicate,  for  the 
silicon  is  always  too  high,  and  it  has  been  suggested  that  there 
is  a  mixture  of  a  potassium-aluminium  metasilicate,  or  a  potas- 
sium-natrolite  compound,  with  the  sodium  compound  in  solid 
solution.  This  corresponds  to  the  stronger  affinity  of  potassium 
for  silicon.* 

The  failure  of  the  several  compounds  of  these  alkali  elements  to  form 
alongside  of  one  another  in  rock  magmas  is  undoubtedly  due  to  the  fact  that 
the  compounds  which  are  chemically  possible,  and  some  of  which  form 
under  favorable  conditions,  are  not  equally  stable  under  the  conditions 
and  in  the  chemical  mixtures  producing  igneous  rocks.  The  exact  con- 
ditions of  equlibrium  for  each  case  are  not  known  at  present. 

*  Morozewicz,  J.    Bull.  Acad.  Sci.  Cracovie,  1907,  pp.  958-1008. 
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The  formation  of  the  lithium  compounds  in  certain'  kinds  of  rocks,  some- 
times on  a  veiy  large  scale,  is  due  to  processes  of  concentration  of  lithium 
molecules  in  these  magmas,  and  in  the  case  of  the  lithium  micas  there  is  an 
excess  of  silicon  over  that  found  in  the  analogous  potassium  micas. 

Sodalites.  Mixed  Salts.  —  Several  compounds,  closely  related  to  nephelite 
chemically,  and  commonly  associated  with  it  in  igneous  rocks,  may  be 
mentioned  in  this  place.  They  are  mixed  orthosilicate  salts  of  sodium  and 
aluminium  containing  small  amounts  of  chlorine  in  one  case,  and  of  sulphur 
in  two,  with  some  calcium  in  one  compound.  They  appear  to  form  under 
nearly  the  same  conditions  as  those  determining  the  production  of  nephelite, 
that  is  to  say,  relatively  low  silicon  content  of  the  magma,  with  the  addi- 
tional condition  that  chlorine  or  sulphur  be  present  in  the  solution.  The 
composition  of  sodalite  may  be  expressed  thus: 

Na,(AlCl)Al,(SiOJ,.  .sodalite. 

This  is  equivalent  to  a  sodiiun  nephelite  plus  sodium  chloride. 

Na,Al3(SiO,),  +  NaCl  =«  Na^CAlCOAlaCSiOJ,. 

In  fact  the  compound,  sodalite,  has  been  produced  in  the  laboratory  by 
heating  together  nephelite  and  sodium  chloride.  In  a  rock  magma  the  for- 
mation of  sodalite  does  not  necessarily  involve  the  production  of  nephelite 
molecules  and  their  subsequent  transformation  into  sodalite,  but  only  requires 
that  when  the  conditions  are  proper  for  the  formation  of  nephelite  there 
should  be  chlorine  in  the  solution  and  sufficient  sodium.  The  extra  sodium, 
which  enters  the  sodalite  compound  in  excess  of  what  would  have  been  suffi- 
cient to  form  nephelite,  in  the  absence  of  chlorine  must  enter  other  silicate 
molecules. 

When  sulphur  is  present,  and  the  conditions  are  those  controlling  the  for- 
mation of  the  orthosilicate  of  sodium  and  aluminium,  nephelite,  there  may 
be  formed  a  mixed  salt  which  may  be  considered  a  modification  of  the 
nephelite  compound,  closely  analogous  to  that  of  sodalite.  This  mixed  salt 
varies  in  composition  according  to  the  amount  of  calcium  present,  and  is 
represented  by 

Na,(NaS04Al)  Al^CSiO^), noselite. 

(Naa,Ca)2(NaS04Al)Ala(Si04)s  .  .hauynite. 

Noselite  and  hauynite  grade  into  one  another  chemically  and  physically, 
have  similar  crystal  forms  to  those  of  sodalite,  and  commonly  accompany 
this  mineral  and  nephelite  in  igneous  rocks  rich  in  sodium  and  aluminium 
and  relatively  low  in  silicon.  Like  nephelite  they  do  not  form  from  magmas 
in  which  there  is  sufficient  silicon  to  convert  them  into  polysilicates;  they 
do  not  occur  with  pyrogenetic  quartz. 

Acid  Alkali  Aluminium  Orthosilicates.  —  The  r61e  of  hydrogen 
in  the  chemistry  of  igneous  rocks,  whether  as  an  active,  base- 
forming  element,  or  as  a  catalytic  agent  alone,  H,  or  combined 
with  oxygen,  OH,  is  of  the  first  importance,  but  is  only  imper- 
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fectly  understood  at  the  present  time.  Its  full  significance  will 
become  more  apparent  as  our  knowledge  Of  the  physical  chemistry 
of  rock  magmas  becomes  more  definite.  A  conception  of  its 
bearing  on  the  formation  and  association  of  certain  common 
pyrogenetic  rock  minerals  may  be  derived  from  the  following 
considerations. 

Adopting  the  idea  already  expressed  that  an  acid  is  a  hydrogen 
salt  in  which  hydrogen  plays  the  r61e  of  a  positive,  base^forming 
element,  an  acid  salt  may  be  considered  one  in  which  all  of  the 
hydrogen  has  not  been  replaced  by  other  base-forming  metals, 
or  it  may  be  thought  of  as  a  substitution  derivative  from  the  acid. 
Conversely  a  salt  in  which  part  of  the  metal  elements  is  replaced 
by  hydrogen  may  be  looked  upon  as  a  substitution  derivative 
from  the  salt. 

Such  an  acid  salt,  or  substitution  derivative  involving  hydrogen, 
is  represented  by  the  compound,  muscovite, 

KH2Al3(Si04)3  or  (K,H)Al(Si04). 

This  might  be  derived  by  substitution  from 

3KAl(Si04),   Al4(Si04)3,  or  3  H4Si04. 

The  formation  of  such  a  compound  involves  the  presence  of  active 
hydrogen  to  play  the  r61e  of  metal,  or  the  presence  of  orthosilicic 
acid  only  partly  combined  with  a  base.  In  igneous  rocks  musco- 
vite is  a  common  pyrogenetic  mineral,  oftenest  formed  in  magmas 
rich  in  silicon,  with  much  free  silica.  It  also  forms  in  rocks 
with  comparatively  low  silicon  accompanying  the  orthosilicate, 
nephelite.  In  general  it  forms  by  the  side  of  polysilicates, 
orthoclase  and  albite,  and  may  accompany  the  disilicate, 
petalite. 

Its  formation  must  be  ascribed  to  the  action  of  hydrogen  upon 
the  silicon,  either  directly  in  the  first  instance,  or  if  a  previously 
formed  silicate  be  imagined  as  the  source  of  the  salt  in  question, 
then  its  effect  must  be  that  known  as  hydrolysis,  whereby  the 
hydrogen  ions  from  water  replace  metals  in  the  salt,  through  a 
process  of  double  decomposition,     (p.  116.) 

It  is  known  that  the  chemical  activity  of  hydrogen,  even 
toward  a  gas,  like  oxygen,  is  greatly  increased  by  rise  of  tempera- 
ture, hydrogen  being  rather  inert  at  ordinary  temperatures. 
It  has  been  found  impossible  to  produce  mica  in  open  crucibles, 
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from  which  hydrogen,  or  water  vapor,  naturally  escapes  at  high 
temperatures.  Moreover,  muscovite  is  not  formed  pyrogeneti- 
cally  in  surface  lavas,  or,  if  so,  to  a  very  small  extent,  as  compared 
with  its  occurrence  in  rocks  crystallized  under  considerable  pres- 
sure. It  is  to  be  noted  in  addition  that  the  only  silicic  acid  which 
has  been  produced  in  aqueous  solution  is  orthosilicic  acid,  in  which 
silicon  is  combined  with  four  molecules  of  hydroxyl,  Si(0H)4. 
This  represents  the  most  complete  saturation  of  the  silicon  with 
hydroxyl,  or  a  combination  of  silica  with  the  greatest  amount  of 
water,  of  all  the  silicic  acids  which  are  represented  by  salts  in 
igneous  rocks,  as  will  appear  from  the  following: 


ORTHOSILICIC 
ACID. 

METASILICIC 
ACID. 

POLYSILICIC 
ACID. 

DISILICIC 
ACID. 

H,SiO, 

H,0, .  SiO, 
SiO, .  2  H,0 

H,Si,0. 
H,0, .  2  SiO^ 
SiO, .  HaO 

H^SijO, 
H4O, .  3  SiOa 
SiO, .  J  H,0 

H,Si,0,o 
H,Oa .  4  SiO, 
SiO, .  i  H,0 

Comparing  potassium-aluminium  polysilicate,  KAlSiaOg,  with 
hydrogen  orthosilicate,  H4Si04,  the  greater  activity  of  potassium 
is  indicated  by  the  fact  that  KAl  combines  with  three  silicon 
atoms,  while  H4  only  combines  with  one  silicon,  the  aluminium 
being  a  weak  base-forming  element,  and  therefore  of  slight 
influence.     Compare  NaAl(Si04),  nephelite,  with  H4(Si04). 

The  formation  of  the  acid  orthosilicate,  muscovite,  in  the 
presence  of  polysilicates,  and  even  free  silica,  must  be  assigned  to 
the  chemical  activity  of  hydrogen  at  high  temperature,  under 
sufficient  pressure  to  hold  it  in  the  liquid  magma  solution. 

There  is  no  evidence  in  igneous  rocks,  however,  that  hydrogen  has  dis- 
placed potassium  to  form  muscovite.  When  muscovite  occurs  there  is 
always  an  excess  of  aluminiimi  over  potassium  in  the  magma.  Or,  in  other 
words,  it  does  not  form  in  magmas  in  which  the  aluminium  is  less  than,  or 
only  just  equal  to,  the  potassium  molecularly.  It  may  even  be  said  that  it 
does  not  displace  sodium,  and  that  it  does  not  occur  in  rocks  in  which  the 
sum  of  both  the  alkalies  is  less  than,  or  equal  to,  the  aluminium.  It  does  not 
form  in  magmas  with  acmite.  Its  relationship  to  calcium-aluminium  silicates 
is  less  simple,  owing  to  its  occurrence  in  mixed  salts,  biotites,  in  most  cases 
in  which  its  molecules  are  associated  with  calcium  silicates;  and  it  may  be 
said  that  pure  muscovite  does  not  occur  pyrogenetically  with  non-aluminoua 
calcium  silicates. 
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Micas.  Mixed  Salts.  —  Isomorphous  with  muscovite  are 
more  complex  salts,  whose  chemical  expression  has  been  found 
very  diflBicult,  and  which  have  been  interpreted  in  several  ways. 
Following  that  suggested  by  F.  W.  Clarke,  it  is  possible  to  con- 
sider the  various  micas  that  form  pyrogenetically  as  substitution 
derivatives  from  an  orthosilicate  of  aluminium,  Al4(Si04)3,  in 
which  one  or  more  atoms  of  aluminium  may  be  replaced  by 
equivalent  values  of  univalent,  bivalent  or  trivalent  elements 
or  radicals;  the  first  being  represented  by  H,K,Li,[Na]  and 
(MgF),(AlF2),(A10);  the  second  by  Mg,Fe[Mn];  the  third  by 
Fe,  [Cr].  It  is  possible  that  in  the  more  siliceous  varieties  of  mica 
there  may  be  an  admixture  of  Al4(Si308)3  in  solid  solution. 

Lithium  is  in  notable  amounts  in  some  magmas  rich  in  silicon, 
alkalies  and  aluminium,  certain  granite  pegmatites.  In  such 
cases  it  commonly  enters  a  compound  analogous  to,  and  probably 
nearly  isomorphous  with,  that  of  muscovite,  except  that  it 
appears  to  contain  more  silica,  and  possibly  a  mixture  of  an  ortho- 
silicate,  ReAl2(Si04)3  and  a  polysilicate,  R6Al2(Si308)3,  and  con- 
tains considerable  fluorine.  It  varies  somewhat  in  composition 
in  different  occurrences,  and  in  some  cases  may  be  represented  as: 

HKLiAl3(Si04)3  +  K3Li3(AlF2)3Al(Si308)3     lepidolite. 

It  is  to  be  noted  that  in  this  acid  silicate  the  presence  of  lithium 
involves  a  higher  silication  than  occurs  in  the  analogous  com- 
pounds with  only  potassium  as  the  alkali  metal,  just  as  the 
normal  lithium-aluminium  silicate  is  higher  than  the  common 
potassium  one;  compare  the  disilicate,  petalite,  with  the  polysili- 
cate, ofthoclase.  All  four  of  these  mineral  compounds  may 
form  beside  one  another  in  certain  rock  magmas.  There  is  a 
strong  analogy  between  the  relationship  just  pointed  out  and  the 
higher  silication  of  the  sodium-aluminium  orthosilicate,  nephelite, 
in  proportion  as  potassium  is  present;  potassium  commonly  form- 
ing higher  normal  aluminium,  silicates  than  sodium. 

The  mica  most  commonly  formed  in  igneous  rocks  is  biotite, 
which  frequently  accompanies  muscovite,  but  oftener  occurs 
without  it.     The  biotite  compound  may  be  represented  as  follows : 

(H,K)2(Mg,Fe)2(Al,Fe)2(Si04)3      biotite,  in  part, 
(H,K)2(Fe,Mg)2(Fe,Al)2(Si04)3     lepidomelane, 
[H,K,(MgF)]3Mg3Al(Si04)3       phlogopite. 
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These  formulse  express  diflferent  proportions  among  the  con- 
stituent  base-forming  elements  and  the  radical  (MgF),  there  being 
gradations  in  the  mixtures,  as  there  are  transitions  between  the 
various  micas,  some  of  which  have  distinctive  names.  Thus  the 
compound  with  much  iron,  both  ferrous  and  ferric,  is  lepidome- 
lane;  and  the  compound  rich  in  magnesium,  with  very  little  iron 
and  low  aluminium,  is  phlogopite. 

The  orthosilicate,  biotite,  forms,  like  muscovite,  in  rock 
magmas  by  the  side  of  polysilicates,  metasilicates,  or  ortho- 
silicates,  and  commonly  with  free  silica,  quartz.  Like  musco- 
vite also  its  formation  is  not  an  invariable  result  of  the  cooling 
and  crystallization  of  rock  magmas.  It  is  much  less  commonly 
produced  in  rocks  solidified  at,  or  near,  the  surface  of  the  earth 
than  in  those  crystallizing  at  some  depths.  Like  muscovite  it 
has  not  been  produced  in  open  crucibles  in  the  laboratory. 
Its  production  is  undoubtedly  dependent  on  the  greater  chemi- 
cal activity  of  hydrogen  at  high  temperatures  when  under 
sufficient  pressure;  and  all  that  has  been  said  in  connection 
with  the  formation  of  the  muscovite  compound  in  the  presence 
of  abundant  silicon  oxide  may  be  applied  to  the  production  of 
biotite.  In  fact  the  latter  may  be  looked  upon  chemically  as  a 
substitution  derivative  from  muscovite  by  the  introduction  of 
Mg,  Fe  and  Fe.  But  it  is  understood,  of  course,  that  this  does 
not  involve  the  previous  formation  of  muscovite  followed  by 
its  transformation  into  biotite.  The  entry  of  magnesium  and 
iron  into  the  compound  is  because  of  their  presence  in  the 
solution  from  which  the  mica  formed.  When  they  are  present 
in  very  small  amounts  in  the  magma,  muscovite  forms;  when 
they  are  both,  magnesium  and  iron,  present  in  nearly  equal 
amounts,  normal  biotite  forms;  when  the  magma  contains 
relatively  much  more  iron  than  magnesium  the  mica  is  lepido- 
melane,  when  magnesium  largely  preponderates  over  iron,  it  is 
phlogopite. 

The  formation  of  biotite  in  magmas  rich  in  silica,  and  in  the 
presence  of  polysilicates,  metasilicates,  and  free  silica,  indicates 
that  hydrogen  is  able  not  only  to  bring  about  the  lower  silica- 
tion  of  potassium-aluminium  salts,  but  of  magnesium-iron, 
for  the  acid  orthosilicate,  biotite,  with  abundant  magnesium 
and  iron,  forms  in  magmas  with  magnesium-iron  metasilicates^ 
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pyroxenes,  when  there  is  suflBcient  silicon  to  convert  the  whole 
of  the  magnesium  and  iron  into  metasilicates.  But,  as  these 
elements  are  not  so  active  chemically  as  potassium,  the  reduc- 
tion of  magnesium  and  iron  from  metasilicates  to  orthosiUcates 
is  not  so  significant  of  the  chemical  activity  of  hydrogen  under 
the  conditions  involved.  It  is  significant,  however,  of  the  role 
which  hydrogen  probably  plays  in  modif)dng  the  silication  of 
magnesium  and  iron  in  rock  magmas.  For,  as  Tschermak  has 
pointed  out,  the  compound,  biotite,  may  be  looked  upon  as  a 
mixture  of  molecules  of  muscovite  with  those  of  the  ortho- 
silicate,  (Mg,Fe)2(Si04),  when  some  of  the  aluminium  is  re- 
placed by  ferric  iron.  The  magnesium-iron  orthosilicate  is  the 
compound  that  crystallizes  separately  as  olivine. 

The  formation  of  orthosilicate  of  magnesium  and  iron, 
olivine,  in  the  presence  of  free  silica,  quartz,  in  rock  magmas 
in  which  the  metasilicate  might  be  expected  to  form,  is  prob- 
ably due  to  the  hydrolyzing  action  of  water  at  high  temper- 
ature. That  is,  the  chemical  activity  of  hydrogen  being  greatly 
increased  at  high  temperatures,  the  silicon,  which  might  have 
combined  with  magnesium  and  iron  to  form  a  metasilicate,  is 
divided  between  these  elements  and  hydrogen  so  as  to  form  or- 
thosilicate of  magnesium  and  iron  and  orthosilicate  of  hydrogen, 

(Mg,Fe)2(Si03)2  +  2  H2O  ^  (Mg,Fe)2(Si04)  +  H4(Si04). 

Should  the  magma  solution  containing  these  compounds  become 
saturated  with  the  magnesium-iron  salt  to  such  an  extent 
through  cooling  that  it  is  separated  in  a  solid  form,  as 
olivine,  the  hydrogen  orthosilicate  might  eventually  split  up 
into  H2O  and  Si02  with  the  separation  of  silica  in  the  solid 
form,  as  quartz,  the  water  escaping  subsequently  from  the 
magma. 

Leucite  with  Soda-Lime-Feldspars.  —  It  has  been  pointed  out 
that  leucite  does  not  form  in  magmas  with  pure  albite,  though 
nephelite  forms  with  orthoclase.  And  this  has  been  used  as  an 
evidence  of  the  stronger  action  of  potassium  toward  silicon 
when  compared  with  sodium  and  silicon.  But  leucite  often 
forms  by  the  side  of  soda-lime-feldspars,  in  which  it  is  assumed 
that  albite  molecules  and  anorthite  molecules  are  isomor- 
phously  crystallized.    In  such  cases  it  is  clear  that  sodium  com- 
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bines  with  silicon  in  a  polysilicate  compound,  while  potassium 
forms  a  metasilicate.  Some  agency  must  be  sought  to  bring 
about  this  reversal  of  the  normal  relation  between  potassium 
and  sodium. 

The  formation  of  potassium-aluminium  metasilicate  with  the 
sodium-aluminium  polysilicate,  or  of  the  corresponding  potas- 
sium polysilicate  with  the  sodium  aluminium  orthosilicate,  is  in 
the  nature  of  a  reversible  chemical  action  between  substances 
in  homogeneous  mixture  or  solution.  And  the  amount  and 
character  of  the  change  taking  place  in  a  given  time  are  known 
to  depend  upon  the  molecular  concentration  of  each  ingredient, 
as  well  as  on  intrinsic  affinities,  temperature,  and  solubility. 
The  effect  of  molecular  concentration  of  a  substance  in  solution 
is  sometimes  erroneously  called  "  mass  action."  By  molecular 
concentration  is  meant  the  amount  of  molecules  within  a  given 
volume.  In  general  it  may  be  said,  when  other  things  are 
constant,  that  the  more  molecules  or  atoms  of  anything  that 
are  in  a  given  volume  of  liquid  the  greater  chance  for  their 
encountering  others  and  of  making  compounds  with  them. 

There  is  still  another  factor  capable  of  controlling  the  char- 
acter of  chemical  action  which  shows  itself  in  the  act  of  crystal- 
lization of  a  compound  from  solution.  It  is  the  influence  of 
one  compound  in  a  solid  state  to  promote  the  crystallization  of 
an  isomorphous  compound,  or  to  induce  the  formation  of  one 
of  several  possible  compounds  from  a  saturated  solution,  and  to 
form  with  it  a  solid  solution.  It  is  well  known  that  a  crystal 
of  one  kind  of  alum  immersed  in  a  saturated  solution  of 
another  kind  will  cause  the  crystallization  around  itself  of  the 
alum  in  solution.  It  is  also  true  that  from  a  supersaturated 
solution,  capable  of  producing  hydrated  salts  of  several  degrees 
of  hydration,  a  salt  of  any  particular  hydration,  within  certain 
limits,  can  be  separated  by  introducing  a  crystal  of  the  desired 
hydration.  Applying  these  observations  or  laws  to  the  prob- 
lem in  hand,  it  may  be  assumed  that  since  anorthite  forms 
isomorphous  mixed  crystals  with  albite,  it  may  control  the 
formation  and  crystallization  of  the  polysilicate  albite  com- 
pound in  a  solution  from  which  metasilicates  and  orthosilicates 
are  capable  of  forming.  And  the  extent  to  which  this  action 
takes  place  in  solutions  containing  potassium-aluminium  silicate 
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molecules  will  depend  upon  the  molecular  concentration  of 
each,  as  well  as  on  other  factors.  From  this  it  should  follow 
that  the  formation  of  albite  with  leucite  should  be  greater  the 
greater  the  molecular  concentration,  or  the  proportion  of  anor- 
thite  in  the  magma,  other  things  being  alike  in  the  several 
cases  compared. 

Pyroxenes.  Mixed  Salts.  —  The  metasilicates  of  calcium, 
magnesium,  and  iron,  already  mentioned,  are  mixed  salts  that 
may  contain  still  other  elements  replacing  the  base-forming 
metals,  besides  other  acid-forming  elements  than  silicon,  and  may 
contain  a  subordinate  amount  of  possibly  an  orthosilicate.  The 
various  compounds  and  mixtures  crystallizing  as  pyroxenes  may 
be  represented  as  follows : 

(1)   RCSiOg),  in  which  R  =  Ca,Mg,Fe,[Mn]. 


(2) 


RCSiOa) 
[  with  R(Rb)2(Si04),  in  which  R  =  Mg,Fe;  and  R  =  Al,Fe. 

(3)  R R(Si03)2,  in  which  R  =  Na;  R  =  Fe,[Al] 

(4)  (R2,R)(R bg),  in  which  R  =  Na,(ZrOF) : 
ii  =  Ca,Fe,[Mn];'R'=  Si,Zr,Ti. 

The  formation  of  these  compounds  is  controlled  in  the  first 
instance  chemically  by  the  proportions  of  the  elements  in  solu- 
tion and  by  the  molecular  concentration  of  each  of  the  accom- 
panying compounds.  Their  production  is  further  controlled  by 
physical  relations  affecting  the  stability  of  the  several  compounds 
at  temperatures  under  which  the  magmas  existed.  The  simplest 
compound  of  this  group  that  forms  in  rock  magmas  is 

MgCSiOa)     enstatite.^ 

It  usually  contains  some  Fe  replacing  Mg,  and  grades  into  hyper- 
sthene  (Mg,Fe)(Si03).  These  compounds  form  in  magmas  free 
from  calcium,  or  in  those  in  which  calcium  enters  other  com- 
pounds, oftenest  feldspar.  When  there  is  calcium  which  may 
enter  a  pyroxene  compound  it  commonly  unites  with  equal 
amounts  of  (Mg,Fe),  forming 

Ca(Mg,Fe)(Si03)2     diopside, 

for  it  has  been  found  that  CaSiOa  •  MgSiOs  is  a  definite  compound, 
which,  however,  is  capable  of  taking  up  in  solid  solution  about 

»  Allen,  Wright,  and  Clement.     Am.  Jour.  Sci.,  vol.  22,  1906,  pp.  385-438. 
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60  per  cent  of  MgSiOa.*  Still  it  frequently  happens  that  these 
two  kinds  of  compounds  form  by  the  side  of  one  another, 
Ca(Mg,Fe)(Si03)2  and  (Mg,Fe)(Si03),  instead  of  an  indefinite 
mixture  of  the  two  which  would  be  (Ca,(Mg,Fe))(Si03).  But 
such  intermediate  compounds  form  in  certain  kinds  of  magmas, 
according  to  Wahl.' 

Most  frequently  the  pyroxene  compound  contains  small  and 
variable  amounts  of  Al  and  Fe,  its  composition  being  repre- 
sented by  the  expression 

Ca(Mg,Fe)(Si03)2  +  Mg((Al,Fe)0)2(Si04)     augite. 

The  entrance  of  aluminium  into  this  compound  with  calcium, 
magnesium,  and  iron  instead  of  entering  anorthite  feldspar  com- 
pound with  calcium  alone,  is  probably  due  to  molecular  concen- 
tration and  to  the  infiuence  of  the  common  ion,  that  is,  to  the 
relative  proportions  of  possible  diopside  and  anorthite  molecules 
in  the  magma  solution,  and  is  in  the  nature  of  solid  solution.  But 
there  are  not  sufficient  data  in  hand  to  furnish  more  definite  infor- 
mation. It  is  known  that  pyroxenes  formed  in  the  presence  of 
lime-soda-feldspars  differ  in  different  rocks  as  regards  the  amount 
of  aluminium  contained  in  them.  And  in  one  igneous  rock,  from 
Ishawooa  Canyon,  Wyo.,*  it  is  evident  that  about  19  per  cent  of 
anorthite  molecules,  which  might  have  formed  lime-soda-feldspar, 
has  been  incorporated  in  the  abundant  pyroxene  compound.  A 
similar  effect  of  dominant  magnesium  molecules  in  controlling  . 
the  disposition  of  a  calcium-aluminium  compound  as  a  constitu- 
ent of  pyroxene  instead  of  a  feldspar  has  been  noted  By  Pirsson.* 
The  metasiUcate  of  sodium  and  ferric  iron,  (NaFe(Si03)2, 
acmite,  forms  in  magmas  in  which  there  is  insufficient  aluminium 
to  combine  with  all  of  the  sodium  to  form  polysilicate,  albite,  or 
orthosilicates,  nephelite,  or  one  of  the  sodalite  group,  and  since  it 
is  isomorphous  with  other  pyroxene  compounds,  it  combines  with 
them  to  a  greater  or  less  extent  according  to  circumstances, 
forming  transitions  between  diopside  or  augite  and  the  pure  com- 
pound, acmite.  Its  formation  involves  the  presence  of  sufficient 
ferric  iron,  as  well  as  a  deficiency  of  aluminium.     This  acmite 

»  Allen,  White,  Wright,  and  Laraen.     Am.  Jour.  Sci.,  vol.  28, 1909,  pp.  1-47. 
'  Wahl,W.  Die Enstatitaugite.  Tscher.min.petr.Mitth.,  vol.26,  H.  land 2. 

•  Am.  Jour.  Sci.,  vol.  38,  1889,  p.  46;  and  Jour.  Geol.  vol.  3,  1895,  p.  938. 

*  20th  Ann.  Rep.  U.  S.  Geological  Survey,  pt.  3,  p.  567. 
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compound  should  not  be  associated,  then,  with  anorthite  mole- 
cules, that  is,  with  lime-soda-feldspars,  or  with  strongly  alumi- 
nous augite,  unless  molecular  concentration,  or  the  influence  of 
the  common  ion,  has  been  sufficient  to  control  the  formation 
of  the  calcium-aluminium  compounds  just  mentioned  and  pre- 
vent the  aluminium  from  uniting  with  sodium.  This  will 
undoubtedly  be  the  case  to  some  extent  in  certain  rock  magmas. 
But  the  rule  just  enunciated  is  quite  general  in  its  application. 
The  highly  complex  compounds  represented  by  the  fourth 

I  II  IV 

formula,  (R2,R)(R03),  are  characterized  by  the  presence  of 
sodium,  without  aluminium  or  ferric  iron,  and  by  that  of  calcium 
-without  magnesium,  and  by  a  considerable  content  of  zirconium, 
and  in  some  cases  titanium,  which  may  replace  silicon.  There 
may  also  be  fluorine  and  columbium.  Such  compounds  crystal- 
lize as  lavenite,  rosenbuschite,  and  wohlerite.  They  form  in  very 
small  amounts  in  rock  magmas  rich  in  sodium,  low  in  magnesium, 
and  containing  notable  amounts  of  zirconium. 

Amphiboles.  Mixed  Salts.  —  There  are  other  metasilicate  com- 
pounds closely  analogous  to  the  pyroxene  compounds  just 
mentioned,  but  differing  from  them  in  the  relative  proportions 
of  the  components,  so  far  as  concerns  calcium  especially,  and 
also  as  regards  the  presence  of  notable  amounts  of  hydrogen 
and  fluorine  in  some  cases;  and  crystalUzing  diflferently.  These 
are  the  amphiboles,  whose  mode  of  formation  and  crystalliza- 
tion is  discussed  below.  A  general  expression  for  their  composi- 
tion is  similar  to  that  of  the  pyroxenes,  and  according  to  Penfield 
may  be 

RCSiOa),  in  which  R  =  Mg,  Fe,  Ca,  (Mn),  Naz,  Hg,  (AI2OF2)/ 
(FezOFg),  (Al20(OH)2),  (Fe20(OH)2). 

The  simplest  amphibole  compounds  that  correspond  to  ensta- 
tite,  hypersthene,  and  diopside  do  not  occur  as  primary  min- 
erals in  igneous  rocks.  The  amphibolic  forms  of  MgSiOa  have 
been  produced  pyrogenetically  in  the  laboratory,^  but  are 
unstable,  monotropic,  crystal  phases,  which  form  at  lower  tem- 
peratures than  the  pyroxenic  phases.  For  this  reason  they  occur 
only  as  products  of  metamorphism  that  has  taken  place  at 
temperatures  lower  than  those  of  molten  magmas.     The  com- 

*  Allen,  Wright,  and  Clement.     Am.  Jour.  Sci.,  vol.  22,  1906,  pp.  385-438. 
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monest  pyrogenetic  amphibole,  hornblende,  is  a  complex  meta- 
silicate  containing  chiefly  Mg,  Fe,  Ca,  with  Al,  Fe,  and  Na 
in  small  amounts,  but  in  larger  proportions  than  in  common 
augites.  There  are  also  present  hydrogen,  H,  and  generally 
fluorine,  F.  And  the  ratio  between  Ca  and  the  other  base- 
forming  elements  and  radicals  is  approximately  1  :  3.  Horn- 
blende is  less  calcic  than  augite.  The  presence  of  hydrogen  in 
the  compound,  though  in  smaller  amount  than  in  mica,  indi- 
cates a  similar  origin  for  amphibole  and  mica  compounds,  namely, 
a  hydrolytic  one.  Both  kinds  of  compounds  form  under  similar 
physical  conditions,  and  commonly  occur  together  in  igneous 
rocks.  It  is  probable  that  part  of  the  hydrogen  in  hornblende  is 
present  as  dissolved  water  in  solid  solution,  since  this  has  been 
shown  to  be  the  case  with  tremolite.^ 

The  entry  of  aluminium  into  amphibole  compounds  instead  of 
into  feldspar  molecules  must  be  referred  to  molecular  concen- 
tration and  the  influence  of  the  common  ion,  for  its  forma- 
tion clearly  belongs  to  the  category  of  reversible  chemical 
actions,  because  it  may,  or  may  not,  form  in  certain  kinds  of 
rock  magmas  according  to  attendant  conditions. 

The  particular  character  of  amphibole  compound  which 
forms  in  a  rock  magma  depends  primarily  on  the  proportions  of 
elements  present,  and  secondarily  on  attendant  conditions. 
Thus  common  hornblende  with  the  composition  mentioned 
above  forms  under  favorable  conditions  in  magmas  of  the 
average  chemical  composition  and  in  others  similar  to  them. 
In  magmas  richer  in  iron,  amphiboles  richer  in  iron  commonly 
form,  basaltic  hornblende.  In  magmas  rich  in  alkalies  and 
aluminium,  a  distinctly  sodic  variety  forms,  arfvedsonite;  in 
those  with  relatively  less  aluminium  and  sufficient  iron,  the 
sodium-iron-amphibole,  riebeckite,  is  formed.  The  dependence 
of  the  formation  of  amphibole  compounds  upon  attendant  con- 
ditions is  strikingly  shown  by  the  two  igneous  rocks  from  Gran, 
Norway,  described  by  Brogger.^  They  have  almost  the  same 
chemical  composition,  yet  one  crystallized  into  a  mixture  of 
hornblende  and  lime-soda-feldspar,  while  the  other  crystallized 

»  Allen  and  aement.     Am.  Jour.  Sci.,  vol.  26,  1908,  pp.  101-118. 
»  BrOgger,  W.    C.     Erupt.    Gest.  Krist.  Geb.,   vol.  3,  1899,  p.  93;   and 
Quart.  Jour.  Geol.  See,  vol.  50,  1894,  p.  19. 
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almost  completely  into  hornblende.  The  hornblende  com- 
pound in  the  second  case  contains  all  the  components  of  the 
feldspar  and  hornblende  in  the  first  mentioned  rock. 

The  pyrogenetic  amphibole  compound  that  is  commonly 
developed  is  a  highly  complex  molecule  whose  formation  may 
involve  the  constituents  which  might  otherwise  enter  the  fol- 
low^ing  common  pyrogenetic  compounds: 

Ca(Mg,Fe)(SiO,)a diopside, 

rMK,Fe)(SiO,)    hypersthene, 

UaAi-CSiO^), anorthite, 

NaAl(Si,0,) albite, 


••    ••• 


FeFe04 magnetite, 

besides  H,  F,  Ti,  and  sometimes  K  from  orthoclase.  That 
its  formation  is  due  to  conditions  that  may  be  attendant  on 
physical  factors,  such  as  actual  temperature,  rate  of  change  of 
temperature,  or  pressure,  is  shown  by  the  frequency  with  which 
pyrogenetic  hornblendes  have  undergone  disintegration  while  in 
the  molten  magma,  when  the  amphibole  compound  has  split  up 
into  simpler  compounds  corresponding  to  those  just  mentioned. 
Such  are  the  paramorphs  of  hornblende  composed  of  mono- 
clinic  and  orthorhombic  pyroxene  with  magnetite,  and  some- 
times with  lime-soda-feldspar  frequently  met  with  in  volcanic 
lavas,  and  most  familiar  to  petrographers  as  black  borders 
around  hornblendes.  Similar  recomposition  is  shown  by  some 
micas,  but  not  so  frequently  as  with  hornblendes.  The  highly 
complex  molecule  which  is  stable  under  some  conditions  falls 
to  pieces  readily  under  others.  This  should  not  be  confused 
with  the  apparent  relative  stabiUty  of  amphibole  and  pyroxene 
crystals  under  ordinary  conditions  near  the  earth's  surface, 
when  the  amphibole  appears  to  be  the  more  stable  solid. 
This  introduces  other  properties  of  these  crystals,  and  it  is 
to  be  noted  that  the  secondary  amphiboles  produced  by  meta- 
morphism  from  pyroxenes  are  commonly  the  less  complex 
compound,  such  as  actinolite,  which  is  not  produced  pyrogeneti- 
cally.  A  corresponding  pyrogenetic  paramorphosis  of  pyroxene 
is  seldom  observed. 

The  formation  of  amphibole,  like  that  of  mica,  considered  as 
a  chemical  process,  must  be  attributed  to  the  action  of  hydro- 
gen and  other  gaseous  elements,  like  fluorine,  within  the  magma 
at  high  temperatures.      And  since  the  resulting  compound  is 
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highly  complex,  the  action  may  be  considered  to  have  been 
relatively  rapid  as  compared  with  that  permitting  the  forma- 
tion of  numerous  kinds  of  simpler  compounds,  in  which  latter 
action  the  differences  in  the  chemical  activities  of  the  various 
elements  have  opportunity  to  manifest  themselves. 
Olivines.    Mixed    Salts.  —  Orthosilicates  of  magnesium  and 

iron, 

(Mg,Fe)2(Si04) olivine, 

are  common  pyrogenetic  compounds,  which  are  known  to  have 
formed  from  rock  magmas  together  with  metasilicates  of  the 
same  metals,  and  with  other  metasilicates,  orthosilicates  and 
polysilicates,  and  in  some  instances  with  free  silica,  quartz.  In 
most  cases  magnesium  preponderates  over  iron  in  the  com- 
pound, though  there  may  be  iron  in  the  magma  not  silicated, 
indicating  the  stronger  base-forming  character  of  magnesium. 

Calcium  does  not  enter  this  pyrogenetic  orthosilicate  in 
notable  amounts,  although  it  is  known  to  form  with  magnesium 
and  iron  the  orthosiUcate,  monticellite,  as  a  product  of  met- 
amorphism.  Calcium  orthosilicate,  Ca2Si04,  has  been  formed 
pyrogenetically  in  the  laboratory,*  in  three  enantiotropic,  poly- 
morphic, crystal  phases,  which  are  all  unstable  at  low  temper- 
atures. 

The  proportions  of  magnesium  and  iron  in  olivines  depends 
upon  their  relative  proportions  in  the  magma  solution,  though 
not  necessarily  directly.  And  it  is  to  be  expected  that  from 
magmas  relatively  rich  in  magnesium  an  oUvine  correspondingly 
rich  in  magnesium  will  form,  and  from  those  relatively  poor  in 
magnesium,  if  olivine  forms,  it  will  be  correspondingly  high  in 
iron.  Thus  the  almost  pure  iron  metasilicate,  fayalite,  is  known 
to  form  in  certain  highly  alkalic  rocks  low  in  silica  and  almost 
free  from  magnesium. 

The  formation  of  the  orthosilicate,  olivine,  instead  of  the 
metasilicate,  hypersthene-enstatite,  is  commonly  dependent  on 
the  amount  of  silicon  in  the  magma  available  for  combination 
with  magnesium  and  iron,  after  the  demands  of  the  more  active 
base-forming  elements,  potassium,  sodium,  and  calcium,  have 
been  satisfied,  as  already  stated  in  the  earlier  part  of  the  dis- 
cussion.    But  the  repeated  occurrence  of  olivine  in  rocks  with 

*  Day,  Shepherd,  and  Wright.    Am.  Jour.  Sci.,  vol.  22,  1906,  pp  265-302. 
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sufficient  silicon  to  have  formed  metasilicate,  hypersthene,  and 
the  frequent  occurrence  of  olivine  with  pyrogenetic  quartz  in 
the  same  rock,  also  the  concurrence  of  fayalite  and  quartz  in 
lithophysfiB  in  highly  siliceous  rocks,  show  that  silicon  may  be 
deterred  from  forming  the  higher  silicate  under  certain  con- 
ditions, which  appear  to  be,  either  those  that  permit  the  water 
present  in  rock  magmas  to  enter  into  combination  with  the  silica, 
forming  a  hydrogen  silicate,  H4Si04,  which,  being  stable  only 
under  the  assumed  conditions  of  temperature  and  pressure,  sub- 
sequently breaks  up  into  H2O  and  Si02  which  may  appear  as 
quartz;  or  such  that  water  may  act  catalytically  to  promote  the 
immediate  separation  of  silica  in  the  form  of  quartz  before  the 
separation  of  the  olivine  compound  from  the  solution. 

Both  kinds  of  action  probably  take  place  in  different  cases,  or  under 
different  sets  of  conditions,  and  are  illustrated  by  the  formation  of  quartz 
and  olivine  in  magmas  like  that  at  Cinder  Cone,  Cal.,  which  contains 
enough  available  silicon  to  have  converted  all  of  the  magnesium  and 
iron  into  metasilicates.  There  are  numerous  instances  in  which  olivine  has 
formed  in  magmas  which  have  sufficient  silica  to  have  raised  the  olivine 
compound  to  the  metasilicate  form,  where  the  uncombined,  or  free, 
silica  does  not  appear  to  be  present  as  quartz,  which,  though  undiscemible 
optically,  must  nevertheless  exist  in  the  groundmass  of  the  rock,  because  of 
the  chemical  composition  of  the  rock  as  a  whole.  This  is  the  case  of  numerous 
basalts  relatively  high  in  silicon.  Olivine  is  occasionally  formed  in  rocks 
so  rich  in  silicon  that  they  are  normally  quartz-bearing,  as  in  some  dacites 
from  Mount  Shasta,  Cal.  On  the  other  hand,  quartz  is  sometimes  formed 
pyrogenetically  by  the  side  of  olivine  in  magmas  so  low  in  silicon  that 
there  is  not  sufficient  to  convert  all  of  the  magnesium  and  iron  into  meta- 
silicates, as  in  some  quartz-bearing  basalts  from  New  Meidco. 

A  special,  and  at  the  same  time  an  extreme,  instance  of  the*chemical  effect 
of  water  or  its  vapK>r  at  high  temperature  to  reduce  the  sili cation  of  an  iron 
silicate  is  furnished  by  hollow  spherulites  and  lithophysse  in  some  highly 
siliceous  igneous  rocks,  rhyolitic  obsidians  (p.  236).  These  pyrogenetic 
crystallizations  contain  abundant  quartz  and  tridymite  together  with 
fayalite,  which  is  orthosilicate  of  ferrous  iron,  or  iron  olivine,  which  has 
formed  in  the  presence  of  much  free  silica  from  an  extremely  small 
amount  of  iron,  less  than  one  per  cent.  Within  the  body  of  the  rock  result- 
ing from  the  same  magma  the  iron  has  entered  a  metasilicate,  pyroxene. 
The  formation  of  the  fayalite  in  the  presence  of  abundant  free  silica  is 
undoubtedly  due  to  the  action  of  the  water  vaj)or  that  was  present  in  the 
cavities  of  the  lithophysse  at  the  time  of  its  crystallization  from  the  magma. 

Garnets.  Mixed  Salts.  —  Other  orthosilicates  that  sometimes  form  in  rock 
magmaff  have  a  composition  represented  by  R3R,(Si04)s,  in  which  R  —  Ca, 
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Mg,  Fe,  (Mn)  and  R'  -  Al,  Fe,  (Cr,  Ti)  and  in  which  Si  may  be  partly 
replaced  by  Ti. 

The«e  are  garnets  whicli  form  a  strictly  isomorpboua  series  of  com- 
pounds witik  varying  propiortiona  among  the  constituent  elements,  certain 
mixtures  having  received  specific  names.  The  preponderant  compounds 
in  each  case  are  given  below. 

andradite  (melanite). 

,),    ...  ,  schorlomitc. 

almandite. 

spessartite. 

pyrope. 

grosBulante. 

The  compound  Ca(Mg,Fe)^li(SiO.)j  corresponds  to  a  mixture  of 
anorthite,  CaAl,(SiO,)„  and  olivine,  (Mg,Fe),(SiO,).  And  in  a  sense  garnet 
bears  the  same  relation  toward  anorthite  feldspar  and  olivine  that  biotite 
bears  toward  orthoclase  feldspar  and  olivine.  It  is  to  be  noted,  however, 
that  there  is  no  hydrogen  or  alkali  metal  in  garnet.  The  occurrence  of  the 
orthoailicate,  garnet,  together  with  mica  in  highly  sihceoua  igneous  rocks, 
with  abundant  free  silica,  quartz,  and  the  difGculties  attending  the  forma- 
tion of  garnets  in  open  crucibles,  suggest  that  in  such  rocks  it  owes  its  for- 
mation to  a  catalytic  action  of  the  water  in  the  magma.  It  may  be  that 
such  an  agency  is  not  required  to  bring  about  the  formation  of  garnet  in 
magmas  low  in  silica,  in  which  the  production  of  orthoailicate  is  the  normal 
chemical  reaction.  Moreover,  in  certain  rocks  of  this  kind  garnet  is  more 
frequently  formed. 

The  kind  of  garnet  that  forms  in  highly  siliceous  magmas  is  almandite, 
chiefly  Fe,Al,(3iO,),.  That  which  forms  in  magmas  rich  in  alkalies  and 
low  in  silica  is  andradite,  or  melanite,  chiefly  Ca,Fe,(SiO,),.  In  some  of 
these  magmas  titanium  enters  the  compoimd.  Hie  garnet  sometimes  formed 
In  magmas  rich  in  magnesium  and  low  in  silica  is  pyrope,  chiefly  Mg,AI, 
(SiO,)r  The  formation  of  garnet  in  igneous  magmas  is  not  constant,  and  is 
more  in  the  nature  of  an  exceptional  occurrence  when  all  igneous  rocks  are 
taken  into  account.  The  formation  of  garnet  compounds  does  not  appear 
to  be  a  chemical  necessity  following  the  molecular  concentration  of  the 
components,  but  appears  to  result  from  special  attendant  conditions  prob- 
ably involving,  as  already  said,  a  catalytic  action  of  water  in  some,  instances. 

Bpldotes.  Hizad  Salts.  —  Somewhat  more  complex  orthosilicate  com- 
pounds, closely  analogous  to  those  of  garnets  and  indicating  the  agency  of 
water  in  their  formation,  occur  still  more  sparingly  pyrogenetically.  TTiey 
are: 

}  C(u{FeOH)Fe,{8iO,)J ^P"*"'*' 

<Ca,Fe),(A10H)(Al,Ce,Fe),(SiO.>, allanite. 

I^rogenetic  epidote  is  formed  occasionally  in  highly  siliceous  rock  mag- 
mas, granites.  And  the  cerium-epidote,  allanite,  is  often  formed  in  rock 
magmas  with  quite  diverse  compositions.    It  is  always  produced  in  very 
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small  amounts,  but  its  pyrogenetic  nature  is  unquestionable.  The  action 
of  the  water  in  forming  these  compounds  must  have  been  that  known  as 
hydrolytic. 

Melilite.  Mixed  Salt.  —  A  basic  silicate  intermediate  in  com- 
position between  a  metasilicate  and  an  orthosilicate  forms  in 
certain  magmas,  which  are  not  of  very  common  occurrence.  It 
is  a  silicate  of  calcium,  with  magnesium,  iron,  and  aluminium  in 
subordinate  amounts,  and  owing  to  insufficient  analysis  is  not 
clearly  understood.  Its  composition  may  be  represented  as  a 
mixture  of  the  two  compounds: 

Melilite  =  r(Ca,Mg,Fe)3((Al,Fe)0)2(Si04)2,  gehlenite. 

|_with  Ca4Si30io akermanite. 

Melilite  forms  directly  from  magmas  of  the  proper  compo- 
sition without  the  intervention  of  a  catalytic  agent.  It  is  dis- 
tinctly a  basic  calcium  silicate  with  low  silica  content,  and  with 
a  small  amount  of  aluminium  when  compared  with  the  calcium- 
aluminium  orthosilicate,  anorthite.  It  forms  in  rock  magmas 
rich  in  calcium,  magnesium,  and  iron  but  poor  in  silicon  and 
aluminium.  It  occurs  in  igneous  rocks  with  little  or  no  feld- 
spar and  .very  low  silica.  Attempts  to  produce  akermanite  in 
the  laboratory  from  a  simple  mixture  of  its  components  have 
failed,  and  it  seems  probable  that  its  production  is  only  possible 
when  other  substances  are  present  in  the  magma.^ 

Zircon.  —  Zirconium  orthosilicate,  ZrSi04,  forms  in  rock 
magmas  of  various  kinds  even  though  the  amount  of  zirconium 
is  very  small,  and  is  not  generally  noted  in  the  chemical  analysis 
of  the  rock.  It  is  commonest  in  the  more  alkalic  rocks,  with  or 
without  free  silica.  Zirconium  is  present  in  greatest  amounts 
in  alkalic  rocks  low  in  silica,  and  enters  certain  rare  silicate  com- 
pounds, probably  replacing  part  of  the  silicon. 

There  are  numerous  uncommon  silicate  compounds,  mostly  complex  salts, 
which  are  formed  in  particular  magmas,  chiefly  those  producing  pegmatites, 
in  which  the  presence,  or  the  notable  amount,  of  the  less  common,  or  rare, 
elements  occasions  exceptional  compounds.  Among  those  which  are  some- 
times pyrogenetic  may  be  mentioned  tourmaline,  containing  boron;  topaz, 
with  fluorine;  the  zirconium-bearing  minerals,  eudialyte,  catapleiite,  lavenite, 
etc.;  the  glucinum  minerals,  beryl,  leucophanite,  etc.;  minerals  containing 
the  cerium  earths,  besides  many  others,  which  may  be  found  in  Chapter  II. 

»  Day,  Shepherd,  and  Wright.     Am.  Jour..Sci.,  vol.  22,  1906,  p.  280. 
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Silicon  Dioxide,  Si02,  exists  uncombined  with  base-forming 
metals,  or  as  free  silica,  in  many  igneous  rocks,  and  forms  an 
independent  compound  which  crystallizes  as  quartz,  or  tridy- 
mite,  according  to  conditions  attending  the  solidification  of  the 
magma.  It  oftenest  forms  in  magmas  having  more  silica  than 
is  required  to  form  the  silicate  compounds  commonly  produced 
in  rock  magmas.  Consequently  it  occurs,  usually  in  the  form 
of  quartz,  in  rocks  high  in  silica,  and  in  those  low  in  silica 
and  with  Uttle  alkalies,  in  which  the  less  active  base-forming 
elements  are  not  sufficiently  abundant  to  combine  with  all  of  the 
silica  present.  It  may  form  in  a  rock  with  only  46  per  cent  of 
silica. 

Free  silica,  or  quartz,  also  exists  in  magmas  in  which  water 
probably  acts  through  hydrolysis,  or  as  a  catalyzing  agent,  and 
separates  silica  from  compounds  into  which  it  has  entered,  or 
prevents  such  compounds  from  forming,  as  already  noted  in 
discussing  the  micas,  amphiboles,  and  olivine. 

Titanium  Compounds.  —  Titanium,  being  quadrivalent  like 
silicon  and  belonging  to  the  same  group  of  elements,  has  certain 
chemical  resemblances  to  this  element,  and  may  replace  it  to 
variable  extents  in  some  silicates.  Titanium  is  a  weak,  acid- 
forming  element,  and  in  some  cases  a  weak,  base-forming  one. 
Though  usually  present  in  igneous  rock  magmas,  it  is  generally  in 
very  small  amounts. 

As  already  said,  it  may  enter  silicate  compounds  in  the  acid 
radical,  replacing  silicon,  and  also  it  may  enter  as  a  weak  metal. 
It  is  commonly  present  in  small  amounts  in  biotites,  amphiboles, 
augites,  and  in  some  other  silicates.  It  is  a  characteristic  con- 
stituent of  certain  well-defined  pyrogenetic  compounds. 

Titanite  and  Perovskite.  —  With  silicon  and  calcium,  titanium 
makes  a  definite  compound,  CaTiSiOs,  titanite,  which  forms  in 
most  rock  magmas  in  which  there  is  sufficient  titanium  and 
calcium.  But  it  does  not  occur  in  magmas  low  in  silicon,  in 
which  case  a  titanate  of  calcium  without  silicon  is  formed, 
CaTiOa,  perovskite.  The  same  relationship  between  these  com- 
pounds and  the  available  silicon  in  the  solution  is  shown  in 
laboratory  productions  of  these  minerals. 

nmenite.  —  Titanic  acid  combines  with  ferrous  iron  as  FeTiOa, 
ilmenite,  and  forms  in  various  kinds  of  rock  magmas  in  the  pres- 
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ence  of  free  silica,  or  silicic  acid.    The  compound  is  most  abun- 
dant in  magmas  richest  in  iron. 

Titanium  also  enters  iron  ferrate,  magnetite,  and  ferric  oxide, 
hematite,  in  variable  amounts.  The  extent  to  which  this  takes 
place  in  different  compounds  in  rock  magmas  and  the  conditions 
controlling  the  distribution  of  titanium  among  the  various  com- 
pounds are  not  at  present  definitely  known,  so  that  no  general 
relationships  between  the  amount  of  titanium  oxide  in  different 
pyrogenetic  compounds  and  the  amount  in  the  magma  can  be 
stated. 

Rutile,  TiO,,  forms  pyrogenetically  to  a  slight  extent  in  igneous  rocks, 
and  is  found  intimately  associated  with  silica,  quartz,  the  two  oxides  crys- 
tallizing together.  It  occurs  in  certain  igneous  rocks  as  minute  inclusions 
in  quartz  crystals,  indicating  that  the  two  chemically  similar  compounds 
had  been  closely  associated  in  the  liquid  magma  and  had  separated  together, 
or  at  nearly  the  same  time. 

Aluminium  compounds  have  been  discussed  in  great  part  under 
the  silicates,  into  which  nearly  all  of  the  aluminium  in  rock  mag- 
mas enters,  except  in  certain  extreme  cases,  namely:  (1)  when 
aluminium  is  in  excess  of  all  other  base-forming  elements  with 
which  it  might  combine  to  make  the  aluminous  silicates  already 
described;  (2)  when  the  silica  is  so  low  that  these  aluminous  salts 
cannot  be  formed. 

Corundum,  AI2O3. — In  the  first  case  mentioned  aluminium 
oxide,  AI2O3,  remains  uncombined  and  separates  as  corundum. 
It  is  to  be  noted  that  it  does  not  combine  with  silica  when  this  is 
available,  as  in  the  more  siliceous  magmas,  to  form  aluminium 
silicate.  This  compound  is  common  as  a  product  of  metamor- 
phism,  but  rarely  if  ever  forms  pyrogenetically  in  rock  magmas. 
Corundum  occurs  in  igneous  rocks  with  feldspars,  chiefly  without 
quartz,  less  often  with  it,  and  also  with  nephelite  and  muscovite. 
It  sometimes  occurs  in  rocks  rich  in  magnesium  and  low  in  silicon, 
peridotites. 

Spinels.  Mixed  Salts.  —  Aluminium  may  be  weakly  acid- 
forming  and  combine  with  magnesium  and  iron  in  the  following 
pyrogenetic  aluminates: 

(Mg,Fe)Al204 ceylonite  or  pleonaste. 

(Mg,Fe)(Al,Fe,Cr)204 picotite. 

Such  compounds  are  rarely  developed  in  rock  magmas,  and  then 
in   very  small   amounts.     The   first   compound,   low   in   iron, 
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pleonaste,  occasionally  forms  in  the  more  siliceous  rocks,  the  con- 
trolling conditions  not  being  apparent.  The  second  compound 
is  more  often  formed,  and  then  in  magmas  rich  in  magnesium 
and  iron  and  low  in  silicon,  peridotites,  when  there  is  mag- 
nesium in  excess  of  the  available  silicic  acid.  In  case  there  is 
only  a  small  excess  of  magnesium  and  aluminium  and  a  notable 
amount  of  chromium,  the  elements  named  enter  chromite. 

Iron  Com.pounds.  —  Iron  like  aluminium  when  trivalent  may 
form  a  weak  acid,  and  as  such  partly  replaces  aluminium  in  the 
compounds  just  mentioned.  It  more  commonly,  and  almost 
universally,  in  rock  magmas  forms  an  independent  ferrous  com- 
pound 

9  m       m  9  • 

FeFe204 magnetite. 

This  is  chemically  and  crystallographically  analogous  to  the 
spinels,  and  both  elements  enter  isomorphously  into  spinels,  but 
there  are  no  transitional  compounds  formed  in  rock  magmas. 
Titanium  is  frequently  present  in  variable  amounts.  Iron  ferrate 
forms  in  rock  magmas  of  nearly  all  kinds  of  compositions  where 
iron  is  present  in  appreciable  amounts.  Iron  ferrate  forms  in 
rocks  rich  in  silica  and  in  the  presence  of  uncombined  silica, 
quartz.  It  is  formed  to  a  smaller  extent  in  the  more  alkalic 
rocks,  and  is  most  abundant  in  the  less  siliceous  rocks  rich  in  iron 
and  magnesium.  But  it  forms  in  very  different  amounts  in  mag- 
mas of  like  chemical  composition  that  have  cooled  under  different 
conditions ;  thus  it  is  more  abundantly  formed  in  basaltic  lavas 
than  in  the  chemically  equivalent,  coarse-grained  gabbros. 

That  its  formation,  or  its  failure  to  form,  is  dependent  on  cata- 
lytic agents  is  shown  by  the  fact  that  the  hornblende  compound 
may  form  and  take  up  iron,  both  ferrous  and  ferric,  which  may 
subsequently  be  separated  from  it  through  paramorphism,  when 
they  appear  as  magnetite  in  a  black  border  about  the  paramor- 
phosed  hornblende.  It  is  also  shown  by  the  fact  that  fayalite  is 
formed  in  lithophysae  through  the  action  of  heated  water  vapor 
and  all  the  available  iron  compelled  to  enter  a  silicate  compound. 
The  oxidation  of  the  iron  may  be  changed  also,  one  way  or  the 
other,  or  it  may  assume  different  valencies  depending  on  other 
constituents  of  the  magmas,  especially  water,  and  it  may  sepa- 
rate from  solution  as  ferric  oxide, 

Fe203 hematite. 
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Hematite  is  often  formed  in  small  amounts  in  rock  magmas,  but 
never  in  such  large  amounts  as  the  corresponding  aluminium 
oxide,  Al203y  corundum.  Owing  to  its  resemblance  to  magnetite 
when  in  minute  crystals  in  igneous  rocks  hematite  is  often  mis- 
taken for  magnetite.  It  appears  to  be  formed  commonly  in 
small  amounts  in  the  more  alkalic  igneous  rocks,  both  the  more 
siliceous  and  less  siliceous  kinds. 

The  stronger  base-forming  elements  common  in  igneous 
rocks  have  all  been  discussed  in  connection  with  the  salts  into 
which  they  enter  and  need  no  further  treatment  in  this  place. 
Compounds  formed  by  the  minor  or  rarer  elements  occurring 
in  igneous  magmas  will  not  be  considered  in  this  general  dis- 
cussion, but  may  be  noticed  in  special  cases  elsewhere. 

Mineral  Compounds  in  the  Average  Magma.  —  Having  con- 
sidered the  possible  chemical  compounds  that  may  form  in  rock 
magmas  under  the  ordinary  circumstances  attending  the  for- 
mation of  igneous  rocks,  it  will  be  instructive  to  discuss  the  min- 
eral compounds  that  may  form  in  a  rock  magma  having  the 
composition  of  the  average  analysis.  The  calculation  of  the 
proportions  of  pyrogenetic  minerals  is  shown  in  the  accompany- 
ing table.  Starting  with  the  relative  number  of  atoms  of  the 
various  elements  in  the  average  analysis  in  the  first  column,  the 
apportionment  of  them  to  the  several  compounds  is  shown  in 
succeeding  columns.  The  method  of  procedure  is  the  following: 
Apatite  is  first  disposed  of  because  phosphorus  appears  to  enter 
this  compound  wholly.  Orthoclase  is  reckoned  on  a  basis  of  the 
potassium,  as  this  is  the  strongest  base-forming  element,  there  is 
abundant  silicon,  and  it  may  be  assumed  at  first  that  no  alumi- 
nous ferromagnesian  compounds  are  formed;  that  is,  no  biotite,  or 
hornblende,  or  augite.  Such  a  condition  is  often  nearly  realized 
in  some  volcanic  lavas  having  this  chemical  composition.  Albite 
is  next  set  aside  on  the  basis  of  the  sodium  present,  as  this  ele- 
ment is  next  to  potassium  in  activity.  With  the  remaining 
aluminium  anorthite  is  calculated,  as  calcium  is  the  next  element 
in  the  electromotive  series.  There  remain  a  certain  amount  of 
calcium  and  a  larger  amount  of  magnesium  and  iron,  besides 
ferric  iron,  titanium,  silicon,  etc.  The  titanium  may  form 
titanite,  or  ilmejiite,or  both;  the  ferric  iron  may  form  magnetite; 
not  knowing  any  relation  between  the  possible  titanite  and 
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ilmenite,  it  may  be  better  to  calculate  first  one  and  afterwards 
the  other,  and  show  the  difference  in  the  other  compounds 
resulting  from  each  assumption.  When  titanite  is  reckoned, 
the  magnetite  may  be  calculated  as  in  the  next  column.  With 
the  remaining  calcium,  9  atoms,  diopside  may  be  calculated  by 
introducing  magnesium  and  ferrous  iron  in  approximately  the 
proportions  they  bear  to  one  another  in  the  magma  after  the  iron 
is  set  aside  for  magnetite.  The  remaining  magnesium  and  iron 
may  be  allotted  to  a  metasilicate,  hypersthene,  because  of  the 
abundance  of  silicon  in  the  magma.  The  remaining  silicon  is 
reckoned  as  quartz.  There  remain  hydrogen  as  water,  and  an 
excess  of  oxygen  belonging  to  the  elements  not  taken  into  account, 
amounting  together  to  1.26  per  cent  of  the  whole.  The  percent- 
age weights  of  the  several  mineral  compounds  are  given  in  their 
proper  place,  and  the  sum  shows  a  loss  of  about  half  a  per  cent 
through  imperfect  methods  of  calculation.  A  recalculation  is 
shown  of  those  compounds  following  the  feldspars  when  all  the 
titanium  is  allotted  to  ilmenite. 

The  mineral  composition  corresponds  to  that  of  many  volcanic 
lavas  so  far  as  mineral  molecules  are  concerned.  The  apparent 
mineral  composition  of  the  rock  may  be  somewhat  different 
owing  to  the  non-appearance  of  microscopic  crystals  of  ortho- 
clase  and  quartz,  but  the  full  significance  of  this  discrepancy 
will  be  explained  in  a  subsequent  chapter. 

Having  calculated  a  possible  mineral  composition  for  the  rock 
without  any  aluminous  ferromagnesian  compounds,  the  question 
arises  how  far  this  may  be  in  error,  and  what  would  result  from 
the  introduction  of  aluminous  pyroxene,  hornblende,  and  biotite. 
As  to  the  development  of  aluminous  pyroxene  —  augite  — 
instead  of  diopside,  the  data  are  insufficient  to  warrant  a  definite 
statement  at  this  time.  Diopside  with  less  than  1  per  cent  of 
alumina  is  known  to  form  in  rocks  of  nearly  this  composition, 
as  well  as  in  much  less  siliceous  and  more  pyroxenic  magmas.  So 
this  assumption  may  not  be  appreciably  in  error.  As  to  horn- 
blende and  biotite,  they  may  not  be  developed  at  all,  or  may 
form  to  the  complete  absorption  of  all  of  the  magnesium  and  iron 
in  the  magma,  with  possibly  a  little  iron  oxide,  or  ilmenite.  In 
order  to  recalculate  the  analysis  so  as  to  produce  both  horn- 
blende and  biotite,  it  is  necessary  to  consider  the  possible  compo- 
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sition  of  each  of  these  mixed  salts,  whose  elemental  proportions 
will  depend  on  the  proportions  of  the  characteristic  elements 
in  the  magma  solution.  A  study  of  analyses  of  hornblendes  and 
biotites  in  igneous  rocks,  somewhat  similar  in  chemical  composi- 
tion to  the  average  analysis,  shows  the  two  following  analyses  to 
be  probable  approximations  to  the  composition  of  hornblende  and 
mica  that  may  be  expected  to  form  in  the  average  magma. 

I  la  u  Ila 

SiO, 45.76  .762  35.79  .596        I.   Green  hornblende  from 

AlA 8.80  .086  13.70  .  134            dacite,  Grenatilla. 

Fe^Oa 5.32  .033  5.22  .032 

FeO 11.23  .156  13.72  .190        la.   Molecular  ratios. 

MgO 14.08  .352  12.13  .303 

CaO 10.62  .189  .05  .001         II.   Biotite    from    quartz- 

NsuO 1.39  .022  .15  .002            monzonite,  Butte,  Mont. 

K^O 26  .003  9.09  .097 

HjO 85  ....  4.85  ....         Ila.   Molecular  ratios. 

TiOj 1.43  .018  3.51  .044 

MnO 57  .008  .19  .002 

....  F      .76  .032 

100.31  etc.  .43 

99.59 

In  order  to  readjust  the  compounds  to  accommodate  these  complex  salts 
the  following  considerations  are  necessary:  Forming  hornblende  reacts  on 
anorthite  for  aluminium  and  on  albite  for  sodiimi,  neglecting  the  very  small 
amount  of  potassium  in  the  hornblende  analysis.  Forming  biotite  reacts  on 
orthoclase  for  potassium  and  on  anorthite  for  the  extra  aluminium  in  excess 
of  the  potassium  in  biotite.  The  limit  to  the  amount  of  these  elements  that 
may  be  transferred  from  feldspar  compounds  to  hornblende  and  biotite 
of  the  compositions  given  is  fixed  by  the  total  amount  of  magnesium  and  iron 
in  the  magma,  if  the  maximum  amounts  of  these  minerals  are  to  be  formed. 
The  problem  may  be  solved  approximately  by  algebraical  methods  thus: 

CsLh  =  Ca^  4-  C&an^  +  Caanj, 
AIa  =  Ala»j^  +  Ala6     and     Caa«j^  ==  i  Alan^, 
Na^  =  Ala6, 

where  Ca*  is  the  calcium  in  the  hornblende;  Cad,  that  in  the  calculated 
diopside;  C&an^,  that  derived  from  anorthite  for  hornblende;  Coan^,  that 
derived  from  anorthite  for  the  excess  Al  in  biotite.  AIa  is  the  aluminium  in 
the  hornblende;  Alan^^,  that  derived  from  anorthite  transferred  to  horn- 
blende; and  Alaft,  that  from  the  albite  transferred.  Na^  is  the  sodium  in 
the  hornblende.     Similarly 

Kb    =  Alor, 

Alft  =  Alor  +  Alanj,     and     Caa«4  =*i  Ala»j, 
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where  Kb  is  the  potassium  in  the  biotite;  Alor,  the  aluminium  derived  from 
orthoclase;  Alon^i  the  aluminium  derived  from  anorthite  for  the  excess  in 
biotite ;  Al«,  the  aluminium  in  biotite. 

From  the  molecular  ratios  in  the  analyses  the  atomic  ratios  of  each  of 
the  elements  with  calcium  or  potfiussium  may  be  found,  from  which  the  fol- 
lowing may  be  used: 

In  hornblende:  ^^g'^^)*  =  2.69. 

CaA 

^-0.91.      15-0.26. 
In  biotite:         IM?!*  _  2.46,       ^  -  1.34. 

Total  (Mg,Fe)  =  (Mg,Fe)A4-(Mg,Fe)ft-148,  assuming  that  all  the  titanium 
enters  hornblende  and  biotite.  The  calcium  in  the  estimated  diopside  is 
Cad  »  18.     Solving  the  equations  there  result 

(Mg,Fe)6  =  69,         (Mg,Fe)A  «=  79    and 
CaA  =  29,  Kb  =  28. 

From  these  the  percentages  of  hornblende  and  biotite  may  be  estimated 
approximately  from  the  analyses  of  each  mineral,  yielding  15.39  per  cent 
hornblende  and  14.38  per  cent,  biotite. 

Readjusting  the  feldspars  and  magnetite  for  the  loss,  the 
mineral  proportions  become: 

Apatite 0 .  50        Apatite 0 .  50 

Orthoclase  ....       9.46  Orthoclase.  . .  .  17.24 

Albite 24.63         Albite 28.56 

Anorthite 14 .  18         Anorthite 17 .  24 

Hematite 1 .  12        Ilmenite 1 .37 

Hornblende  ...     15.39        Magnetite 3.71 

Biotite 14.38         Diopside 3.99 

Quartz 18 .29  Hypersthene  . .  11.11 

Water 84         Quartz 13.02 

etc 1.26        Water 1.51 

etc 1.26 


100.05  99.49 

The  mineral  composition  is  that  of  a  quartz-mica-diorite,  with 
38  per  cent  of  andesine  feldspar  and  nearly  10  per  cent  of  ortho- 
clase. A  comparison  of  the  pyroxene-andesite  with  the  chemically 
equivalent  diorite  shows  that  with  the  complete  development  of 
hornblende  and  biotite  the  orthoclase  molecules  have  decreased 
to  almost  one-half;  the  lime-soda-feldspar  has  decreased  about 
one-seventh,  the  two  molecules,  albite  and  anorthite,  about 
equally;  quartz  has  increased  almost  one-half ;  the  iron  "  ores  " 
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have  decreased  about  four-fifths,  and  the  ferromagnesian  silicates 
have  almost  doubled  in  amount.  It  is  to  be  noted  that  the  pro- 
duction of  mica  and  hornblende  is  accompanied  by  a  liberation 
of  silicon,  from  silicates  to  produce  an  increase  in  quartz,  corre- 
sponding to  the  reactions  discussed  on  pages  133  and  140,  and 
referred  to  possible  hydrolysis,  or  a  catalytic  action  of  the  water 
in  the  magma. 


CHAPTER  V 
SEPARATION  OF  SUBSTANCES  FROM  SOLUTION 

Having  considered  the  possible  chemical  reactions  that  may 
give  rise  to  mineral  compounds  in  rock  magma,  it  is  in  order  to 
discuss  the  process  and  results  of  separation  of  various  com- 
pounds or  substances  from  magma  solutions  upon  the  change  of 
physical  conditions  attending  the  eruption  of  such  magmas  and 
their  solidification  into  rocks.  The  changes  ip  physical  condi- 
tions are  those  of  temperature  through  cooling  and  of  pressure 
through  eruption  or  other  movements.  The  compounds  or  sub- 
stances that  may  separate  from  a  magma  solution  are  in  part 
gases,  to  a  less  extent,  probably,  liquids,  but  in  most  part  solids. 
They  will  be  discussed  in  the  order  given. 

Separation  of  gases.  —  That  gases  escape  from  rock  magmas  in 
large  volumes  at  the  time  of  their  eruption  as  volcanic  lavas  is 
well  known.  The  great  bulk  of  these  gases  is  the  compound  H2O, 
possibly  .999  of  the  whole  volume  of  gas  given  off  at  a  volcanic 
eruption.  Other  gases,  which  appear  to  vary  in  their  abundance 
in  different  volcanic  centers  and  at  different  eruptions,  and  also 
at  different  periods  of  volcanic  activity  at  what  may  be  con- 
sidered one  eruption,  are:  hydrogen,  H,  to  some  extent,  and 
oxygen,  O;  hydrogen  chloride,  HCl;  hydrogen  sulphide,  H2S; 
besides  sulphurous  acid,  H2SO3,  and  sulphuric  acid,  H2SO4;  fluo- 
rine, F,  and  boron,  B,  also  other  gases  in  small  amounts,  such  as 
marsh  gas,  CH4,  carbon  dioxide,  CO2,  and  nitrogen,  N.  The 
occurrence  of  these  latter  gases  is  such  that  in  great  part  they 
appear  to  accompany  volcanic  eruptions  as  the  result  of  contact 
metamorphism,  that  is,  as  products  of  alteration  produced 
directly  or  indirectly  by  the  magma  on  neighboring  substances, 
rather  than  to  proceed  from  direct  separation  from  the  magma 
itself. 

It  is  known  also  that  gases  escaping  from  volcanic  lavas  through  vents 
or  crevices,  deposit,  to  a  slight  extent  in  such  cases,  compounds  containing 
silica  and  base-forming  elements;  in  fact,  silicates  similar  to  those  separating 
in  solid  form  within  the  magma,  feldspars,  pyroxenes,  etc.,  as  well  as  iron 
oxide  and  other  oxides.     These  were  probably  dissolved  in  the  escaping 
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gases,  chiefly  H,0,  and  under  such  conditionB  must  be  considered  to  have 
escaped  in  a  gaseous  condition.  They  show  that  magma  vapors  exist 
at  high  temperatures,  which  corresponds  to  the  occurrence  of  vapors  of  other 
liquids  and  liquid  solutions.  The  higher  the  temperature,  other  things  being 
alike,  the  greater  the  vapor  tension,  the  more  of  these  comi)ounds  capable  of 
escaping  as  vapor.    T^e  bearing  of  this  on  contact  metamorphism  is  apparent. 

The  separation  of  gas  from  a  magma  solution  affects  the  chem- 
ical composition  and  the  physical  character  of  the  liquid.  Chem- 
ically it  reduces  the  molecular  concentration  of  the  substances 
that  have  escaped,  and  must,  so  far  as  these  substances  are  active 
chemically,  change  the  chemical  equilibrium  existing  before  their 
escape.  The  result  of  this  change  may  show  itself,  or  not,  in  the 
solidified  rock,  according  as  it  has  affected  noticeably  the  sta- 
bility of  solid  compounds  that  may  have  previously  separated, 
crystallized,  from  the  solution,  or  as  it  may  influence  the  subse- 
quent character  of  solids  crystallizing,  or  of  the  complete  solidifi- 
cation of  the  whole  magma.  Physically  the  separation  of  gas 
from  rock  magmas  affects  their  liquidity,  or  viscosity,  that  is, 
their  molecular  mobility.  It  must  also  affect  the  temperature 
of  the  mass  by  lowering  it.  These  physical  changes  will  modify 
the  separation  of  solid  compounds,  chiefly  their  crystallization, 
which  will  be  considered  at  length  in  the  next  chapter. 

The  separation  of  gas  from  rock  magma,  while  taking  place 
most  freely  and  copiously  at  the  surface  of  the  earth,  when  the 
magma  is  in  the  upper  part  of  the  crater  of  a  volcano,  and  on  the 
surface  as  a  lava  flow,  also  takes  place  through  surrounding  rocks 
according  to  their  permeability  and  to  the  i>ossible  back  pressure 
of  vapors,  or  liquids,  already  present  in  them. 

Gas  may  separate  from  a  liquid  in  consequence  of  the  change 
in  composition,  or  volume,  of  the  liquid,  due  to  the  crystallization 
of  solid  compounds  from  it,  whereby  the  remaining  liquid  may 
become  overcharged  with  the  gas  for  existing  temperature  and 
pressure. 

Separation  of  liquids  from  a  liquid  solution  takes  place  when 
upon  a  change  of  physical  conditions  or  of  chemical  composition 
the  liquids  are  no  longer  miscible  in  the  proportions  in  which  they 
may  have  been  mutually  dissolved  previous  to  the  changes  men- 
tioned. Whether  liquid  silicate  compounds  are  miscible  in  all 
proportions  at  all  temperatures  and  pressures  under  which  rock 
magmas  exist  is  not  definitely  known.     It  is  of  course  understood 
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that  cases  in  which  chemical  reactions  take  place  are  excluded 
from  this  statement.  They  may,  or  may  not,  be  accompanied 
by  separation  of  solid  compounds.  It  appears  as  though  the 
liquid  compounds  corresponding  to  the  silicates  crystallized  from 
rock  magmas  are  miscible  in  one  another  in  all  proportions. 

It  has  been  suggested,  however,  by  some  petrographers^  that  they  may 
not  be  miscible  in  all  proportions,  and  that  at  lower  temperatures  there  may 
be  a  separation  of  a  rock  magma  into  different  silicate  liquid^  prior  to  crys- 
tallization. But  of  this  there  appears  to  be  no  direct  evidence  within  the 
solidified  magmas,  igneous  rocks. 

That  liquid  silicates  and  liquid  sulphides  are  not  miscible  in  all  propor- 
tions has  been  demonstrated  by  Vogt'  in  his  studies  on  furnace  slags.  He 
has  shown  that  monosulphides  of  the  metals,  Ca,  Mn,  Fe,  Zn,  (Mg),  etc.,  are 
soluble  in  silicate  slags  to  a  limited  extent,  being  more  soluble  in  those  richer 
in  calcium  and  manganese.  The  solubility  increases  greatly  with  rise  of 
temperature,  and  it  appears  that  at  high  temperatures,  under  great  pres- 
sure, rock  magmas  low  in  silica  and  rich  in  calciimi,  magnesium,  and  iron, 
gabbros,  containing  H^O,  and  possibly  other  gases,  are  miscible  in  all  pro- 
portions with  sulphides  of  iron,  since  transitions  are  known  between  such 
rocks  and  those  containing  varying  amoimts  of  sulphides  up  to  100  per  cent. 
The  more  magnesian  igneous  rocks,  peridotites,  like  the  more  magnesian 
slags,  carry  less  sulphides  than  the  more  calcic  rocks  may  contain. 

It  is  probably  incorrect  to  think  of  H^O  separating  as  a  liquid  from  liquid 
rock  magmas.  At  the  temperature  at  which  rock  magmas  are  liquid  HgO 
separated  from  them  would  be  a  gas  above  its  critical  temperature,  358^  C. 
Upon  loss  of  heat  it  would  become  water. 

SEPARATION  OF  SOLIDS  FROM  SOLUTION 

The  separation  of  solids  from  solution  depends  upon  the  attain- 
ment of  a  sufficient  molecular  concentration  of  the  substance,  or 
substances,  to  saturate  the  solution.  This  concentration  may 
be  brought  about  in  one  of  several  ways:  (1)  by  chemical  reaction 
within  the  solution  consequent  upon  the  addition  of  substance 
from  without;  (2)  by  loss  of  a  substance  that  may  be  necessary 
to  maintain  the  chemical  equilibrium  of  the  solution;  (3)  by 
change  of  temperature,  in  most  cases  by  lowering  temperature; 
(4)  by  change  of  pressure,  either  (a)  acting  directly  to  affect  sat- 
uration, in  any  particular  case  operating  in  the  opposite  manner 
to  change  of  temperature,  that  is,  generally  an  increase  of  pres- 

»  BftckstrOm,  H.    Jour.  Geol.,  vol.  1,  1893,  pp.  773-779. 

»  Vogt,  J.  H.  L.  Die  SilikatschmeklOsungen,  I,  Christiania,  1903,  pp.  9^ 
101. 
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sure  promoting  saturation;  or  (6)  acting  indirectly  through 
change  of  chemical  equilibrium,  or  by  permitting  the  escape  or 
accession  of  gases.  Each  of  these  possibilities  will  be  considered 
separately  as  to  their  probable  occurrence  in  rock  magmas,  the 
general  results  of  separation  by  any  of  these  means  being  dis- 
cussed for  all  together. 

(1)  The  addition  of  substances  to  a  rock  magma  while  it  is  still 
liquid  and  uncrystallized  may  result  from  an  accession  of  gas 
from  adjacent  rock  masses  during  eruption,  or  after  it  has  been 
intruded  within  solid  rocks.  As  the  greater  part  of  such  gas  may 
be  H2O,  and  as  the  general  effect  of  the  accession  of  gases  must  be 
to  reduce  molecular  concentration  of  other  compounds  soluble 
in  rock  magmas,  it  may  be  assumed  that  the  effect  of  the  accession 
of  gas  would  be  to  reduce  saturation.  It  is  possible,  however, 
that  hydrolysis  of  certain  silicates  may  ensue,  which  might  result 
in  the  production  of  less  soluble  compounds  that  might  super- 
saturate the  magma  and  separate  as  solids,  crystals. 

In  case  a  magma  were  superheated  to  such  an  extent  that  it  could  melt 
adjacent  solid  rock  without  itself  cooling  below  the  solidifying  point,  there 
might  be  a  mixture  of  material  of  such  a  kind  that  the  accession  of  sub- 
stances furnishing  ions  like  some  in  the  intruded  magma  might  bring  about 
supersaturation  with  respect  to  a  com|x>und  containing  these  ions,  and  so 
produce  separation  of  solids.  But  there  are  few  indications  that  such 
accessions  to  rock  magmas  have  taken  place  in  notable  amounts.  Indeed 
most  evidence  is  to  the  effect  that  molten  magmas  are  not  sufficiently  super- 
heated at  the  time  of  their  intrusion  into  rocks,  subsequently  exposed  at  the 
earth's  surface,  to  permit  them  to  melt  any  considerable  amoimt  of  the  solid 
rock  with  which  they  may  have  come  in  contact. 

(2)  The  loss  of  substances,  which  may  be  necessary  to  maintain 
the  chemical  equilibrium  of  solution,  whereby  a  separation  of 
solids  from  the  solution  may  take  place  is  most  likely  to  happen 
through  the  escape  of  gas,  chiefly  H2O.  Since,  as  just  stated,  the 
presence  of  gas  in  general  reduces  the  concentration  of  other 
compounds  soluble  in  rock  magmas,  its  escape  from  the  magma 
must  increase  the  concentration  and  thus  promote  the  separa- 
tion of  solids  from  solution  when  the  molecular  concentration  is 
sufficiently  near  the  point  of  saturation.  The  eflFect  is  the  same 
as  that  produced  by  the  evaporation  of  the  solvent  in  an  aqueous 
solution. 

(3)  The  lowering  of  the  temperature  of  most  solutions,  and 
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certainly  of  rock  magmas,  increases  molecular  concentration  and 
brings  about  saturation  of  the  compounds  in  solution.  As  this 
is  the  chief  cause  of  the  separation  of  solids  from  rock  magmas 
which  cool  down  from  high  temperatures  to  the  ordinary  tem- 
perature of  the  atmosphere,  the  process  will  be  discussed  at 
length  after  a  brief  consideration  of  the  effects  of  changes  of 
pressure. 

(4)  Changes  of  pressure  act  in  the  opposite  direction  to  corre- 
sponding changes  of  temperature  in  most  cases,  and  especially  in 
the  case  of  rock  magmas.  But  the  degree  of  effect  produced  is 
markedly  different  in  the  two  operations.  Barus  has  shown  that 
in  the  case  of  molten  basalt  a  rise  of  temperature  of  one  degree  is 
counteracted  by  a  pressure  of  forty  atmospheres,*  and  evidences 
are  manifold  that  the  general  effect  of  pressure  is  relatively  small 
as  compared  with  that  of  temperature.'  But  it  is  to  be  noted 
that  in  the  process  of  magma  eruption  changes  of  pressure  may 
act  much  more  quickly  than  those  of  temperature,  since  one  is 
transmitted  instantaneously  through  a  mass  and  the  other  by  the 
slow  process  of  diffusion.  The  changes  of  pressure  experienced 
by  rock  magmas  during  eruption  must  be  almost  universally 
those  of  decreasing  pressure.  It  is  conceivable  that  conditions 
of  increasing  pressure  may  in  some  cases  obtain,  though  rarely. 
Changes  of  pressure  affect  the  solubility  of  gases  in  rock  magmas, 
diminished  pressure  permitting  their  partial  escape  and  bringing 
about  conditions  discussed  under  (2). 

Since  changes  of  temperature  are  the  most  potent  causes  of 
changes  of  saturation  in  solutions,  and  since  the  effects  of  pres- 
sure changes  are  similar  but  in  the  opposite  direction  and  are 
much  less,  the  general  discussion  of  the  subject  of  saturation  of 
rock  magmas  and  the  separation  of  solids  from  them  may  pro- 
ceed along  the  lines  of  the  better  known  relationships  between 
temperature  and  saturation. 

Saturation  and  Supersaturation.  —  In  rock  magmas  loss  of  heat 
increases  molecular  concentration  and,  when  the  temperature 
has  reached  a  certain  point  in  a  particular  solution  under  a  given 
pressure,  saturation  with  respect  to  a  particular  compound  is 
attained.     But,  as  is  well  known,  it  does  not  necessarily  follow 

»  Bams,  C.     U.  S.  Geological  Survey,  Bulletin  103',  1893. 

»  Iddings,  J.  P.     Phil.  Soc.  Washington,  Bulletin,  vol.  11, 1889,  pp.  106-108. 
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that  the  separation  of  molecules  of  this  compound  in  solid  form 
will  take  place  the  moment  the  temperature  passes  below  the 
temperature  of  saturation.  It  may  reach  a  considerably  lower 
point,  or  be  maintained  for  long  periods  somewhat  below  the 
saturation  point,  without  separation  taking  place,  the  solu- 
tion becoming  supersaturated.  As  already  stated,  Chapter  III, 
the  ability  of  a  compound  to  supersaturate  a  solution  varies 
with  the  compound  and  the  solution,  and  is  somewhat  greater 
when  there  is  a  chemical  similarity  between  the  two.  It  should, 
therefore,  be  relatively  great  when  the  two  have  the  same  com- 
position, that  is,  when  a  single  compound  is  passing  from  a  liquid 
to  a  solid  state.  It  depends  also  upon  the  physical  character  of 
the  liquid  whether  it  is  more  or  less  liquid  or  viscous  at  the  tem- 
perature of  saturation,  the  more  viscous  liquids  becoming  more 
readily  supersaturated.  This  is  illustrated  by  the  greater  fre- 
quency with  which  the  more  viscous,  highly  siliceous,  lavas  — 
rhyolites  —  solidify  without  the  separation  of  crystallized  com- 
pounds, when  compared  with  the  more  liquid  basaltic  lavas. 

Metastable  Condition.  —  From  supersaturated  solutions  sepa- 
ration of  solids  may  be  started  by  introducing  in  them  a  solid  of 
the  compound  with  which  the  solution  is  saturated.  In  labora- 
tory experiments  it  has  been  found  that  minute,  even  imper- 
ceptible particles  of  such  compounds  may  be  introduced  from 
the  atmosphere  of  the  laboratory,  and  it  is  necessary  to  prevent 
contact  of  the  solution  and  the  uncleansed  atmosphere  in  order 
to  maintain  supersaturation,  and  it  has  been  found  that,  when 
all  chance  of  admission  of  such  solid  substances,  sometimes  called 
crystallizing  "  germs,"  has  been  cut  off  by  keeping  the  solution 
in  a  closed  vesfeel,  it  is  possible  in  some  cases  to  maintain  some 
solutions  in  a  supersaturated  condition  indefinitely.  This  con- 
dition of  a  solution  is  known  as  a  metastable  *  one.  It  is  one 
in  which  there  is  a  suspended  transformation  of  a  substance  from 
a  liquid  to  a  solid  phase;  one  in  which  the  presence  of  the  solid 
phase  is  often  necessary  to  bring  about  the  transformation. 

Besides  contact  with  the  proper  solid  it  is  known  that  agita- 
tion promotes  separation  of  solids  from  solution,  and  that  quiet 
aids  supersaturation.     It  may  be  expected,  then,  that  rock  mag- 

»  Ostwald,  W.,  Zeitschr.  phys.  Chera.,  vol.  22, 1897,  p.  302 ;  and  Miere,  H.  A., 
Trans.  Chem.  Soc,  vol.  89,  1906,  p.  427. 
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mas  would  tend  toward  greater  supersaturation  the  quieter  they 
remain  during  cooling.  Intruded  lavas  may  be  assumed  to  be 
quieter  than  lavas  in  the  conduit  of  a  volcano.  The  question 
suggests  itself,  To  what  extent  will  an  earthquake  shock  disturb 
the  equilibrium  in  a  metastable  intruded  rock  magma?  *  Any 
effect  must  be  dependent  on  the  degree  of  supersaturation  and 
the  character  of  the  earthquake.  In  many  cases  liquid  magmas 
are  in  contact  with  the  solid  phase  of  particular  compounds 
when  these  exist  as  minerals  in  the  adjacent  rocks,  so  that  super- 
saturation  at  the  immediate  margin  of  the  magma  body  in  such 
cases  is  unlikely. 

Labile  Condition.  —  When  the  temperature  of  any  solution 
reaches  a  suflBciently  low  point  separation  of  solid  takes  place, 
whether  there  is  contact  with  solid  phase  or  not.  This  is  called 
the  LABILE  '  condition  of  the  solution.  A  distinction  between  a 
metastable  and  a  labile  condition  of  solutions  is  in  some  cases 
well  defined,  in  others  not  at  all  definite.  In  laboratory  experi- 
ments the  arrival  of  the  labile  condition  of  a  solution  is  indicated 
by  a  shower  of  solid  particles,  when  previous  separation  had  been 
going  on  more  gradually  at  scattered  points. 

Very  interesting  accounts  of  the  two  processes  of  separation  in  certain  solu- 
tions are  contained  in  papers  by  Miers '  and  his  assistants.  They  are  full  of 
suggestions  of  possible  application  to  the  problem  of  the  crystallization  of 
igneous  rocks,  and  will  be  referred  to  again  in  connection  with  the  texture 
of  these  rocks. 

Ntimber  of  Points  of  Separation.  —  The  transition  of  liquid  to 
solid  phase  takes  place  at  points  as  rioted  by  Gibbs,  and  in  general 
it  may  be  said  that  separation  from  solutions  in  the  metastable 
condition  of  supersaturation  takes  place  at  relatively  few  points, 
while  in  the  labile  condition  it  happens  at  very  many.  This  has 
to  do  with  the  relative  numbers  of  points  of  separation  in  a  given 

*  The  same  question  has  been  raised  by  W.  O.  Crosby  in  connection  with 
the  possible  origin  of  porphyritic  texture.     Am.  Geol.,  vol.  25,  1900,  p.  307. 

'  Ostwald,  W.,  Zeitschr.  phys.  Chem.,  vol  22, 1897,  p.  302 ;  and  Miers,  H.  A., 
Trans.  Chem.  Soc,  vol.  98,  1906,  pp.  427. 

'  Miers,  H.  A.,  and  Isaac,  Florence.  Jour.  Chem.  Soc,  vol.  89, 1906,  p.  413; 
Rep.  Brit.  Assoc,  for  1906,  p.  522;  and  Proc.  Roy.  Soc,  1907. 

Miers,  H.  A.,  and  Chevalier,  J.    Min.  Mag.,  vol.  14,  1906,  p.  123. 

Barker,  T.  V.  Jour.  Chem.  Soc,  vol.  89,  1906,  p.  1120,  and  Min.  Mag., 
vol.  14,  1907,  p.  235. 

Chevalier,  J.     Min.  Mag.,  vol.  14,  1906,  p.  134. 
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volume  of  solution,  the  greatest  number  occurring  in  the  labile 
condition,  a  smaller  number  in  the  metastable.  Consequently 
the  fewest  should  be  expected  to  occur  when  the  solution  is  in  a 
condition  of  relatively  slight  supersaturation,  when  it  has  just 
passed  the  point  of  saturation. 

The  number  of  points,  or  nuclei,  of  separation  developed 
in  a  unit '  of  liquid  in  a  unit  of  time  for  a  given  temperature 
has  been  taken  by  Tammann  *  as  a  measure  of  spontaneity  of 
crystallization. 

In  a  system  of  equilibrium  between  liquid  and  solid  phases 
with  constantly  varying  temperature,  such  as  that  under  dis- 
cussion, there  must  be  corresponding  shifting  of  the  degree  of 
saturation  in  the  solution.  This  is  the  case  of  eruptive  rock 
magmas.  If  separation  begins  soon  after  the  point  of  saturation 
is  reached,  it  should  occur  at  a  few  points  scattered  through  the 
liquid.  The  separation  of  solid  substance  reduces  the  degree  of 
supersaturation,  which  would  return  to  the  saturation  point  if 
the  temperature  remained  constant.  When,  however,  the  tem- 
perature is  falling  at  a  more  rapid  rate  than  that  at  which  the 
separation  is  able  to  reduce  supersaturation,  higher  degrees  of 
supersaturation  of  the  solution  are  attained.  In  these  separa- 
tion may  take  place  from  a  greater  number  of  centers,  while  it  is 
still  proceeding  at  those  centers  already  established  in  the  solu- 
tion. And  if  the  labile  condition  is  reached  before  all  the  sub- 
stance in  question  has  been  separated,  it  will  be  separated  as  it 
were  in  a  shower  from  a  much  greater  number  of  points  than 
previously.  The  bearing  of  this  set  of  conditions  on  the  crys- 
tallization and  texture  of  rocks  is  discussed  in  Chapter  VI. 

The  Rate  of  Separatioii  of  a  substance  from  solution  may  be 
defined  as  the  amount  of  substance  that  separates  in  a  unit  of 
time,  taken  by  itself,  or  as  compared  with  the  total  amount  of 
the  substance  in  solution.  In  the  second  case  the  rate  of  separa- 
tion is  clearly  a  function  of  the  total  amount  in  solution,  that  is, 
of  the  molecular  concentration  of  the  substance.  In  the  first  case, 
also,  the  rate  of  separation  is  dependent  on  the  molecular  concen- 
tration. For,  other  things  being  alike,  the  absolute  amount  of 
a  substance  separating  from  a  solution  in  a  unit  of  time  will  be 
greater  the  greater  the  total  amount  in  solution.     The  same 

*  Tammann,  G.     Kristallisieren  und  Schmelzen,  Leipzig,  1904,  p.  149. 
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relationship  may  be  expressed  in  another  manner,  as  follows: 
The  rate  of  separation  will  vary  as  the  solubility  of  the  substance, 
for  if  a  given  amount  of  substance  is  dissolved  in  a  unit  of  time 
through  rise  in  temperature,  the  same  amount  should  be  sepa- 
rated in  the  same  time  through  a  corresponding  fall  in  tempera- 
ture, if  supersaturation  does  not  intervene.  The  greater  the 
solubility  the  more  is  dissolved.  This  law  has  been  stated  more 
definitely  in  somewhat  different  form  as  follows:  the  velocity  of 
crystallization  (separation  in  solid  phase  form)  is  diminished  by 
the  addition  of  foreign  substances  to  the  liquid  phase  of  a  sub- 
stance, the  diminution  of  the  velocity  being  the  same  for  equi- 
molecular  quantities  of  all  substances.^ 

When  supersaturation  exists  the  molecular  concentration  is 
greater  than  at  the  point  of  saturation,  consequently  the  higher 
the  degree  of  supersaturation  at  which  separation  takes  place 
the  greater  the  rate  of  separation  for  a  particular  case.  The 
highest  rate,  then,  is  attained  when  separation  takes  place  in  the 
labile  condition.  This  maximum  rate  of  separation  has  a  definite 
characteristic  value  for  each  substance  in  a  given  solution,  and 
remains  constant  over  a  certain  range  of  temperature  change. 
After  this,  at  lower  temperatures,  the  rate  diminishes  somewhat 
rapidly,  and  with  sufficient  supercooling  may  become  zero,  on 
account  of  increased  viscosity,  when  the  solution  passes  into  a 
glass.^ 

Since  solubility  increases  at  a  greater  rate  than  temperature 
increases,  that  is,  the  additional  amount  dissolved  for  an  increase 
of  one  degree  of  temperature  is  greater  the  higher  the  tempera- 
ture, so  the  amount  separated  for  a  fall  of  one  degree  will  be 
greater  the  higher  the  temperature  at  which  saturation  is  reached, 
the  rate  of  change  of  temperature  being  constant. 

Evidently  the  rate  of  separation  depends  on  the  rate  of  change 
of  temperature,  other  things  being  equal,  for  the  faster  the  tem- 
perature falls  in  a  unit  of  time  the  more  substance  separates, 
provided  other  factors,  such  as  viscosity,  do  not  intervene  to 
prevent  separation  altogether.  It  is  to  be  noted  that  when  the 
temperature  changes  at  a  uniform  rate,  the  rate  of  separation,  if 
it  follows  closely  the  attainment  of  saturation,  should  be  greater 

»  Von  Pickardt,  Zeitschr.  phys.  Chem.,  vol.  42,  1902,  p.  17;  also  Findlay, 
Alex.,  The  Phase  Rule,  1904,  p.  71. 
»  Findlay,  Und,  p.  70. 
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at  higher  temperatures  than  at  lower.  When,  however,  tem- 
perature changes  at  a  variable  rate,  the  rate  of  separation  should 
be  variable  and  in  a  similar  degree.  Rock  magmas  must  change 
temperature  at  very  different  rates  according  to  experiences  of 
eruption  which  will  be  discussed  at  length  in  connection  with 
differentiation  in  Chapter  VII. 

The  Effect  of  Viscosity  on  the  Rate  of  Sepafation.  —  The  rate  of 
separation  is  a  function  of  viscosity,  that  is,  it  varies  with  the 
viscosity  or  liquidity  of  the  solution.  This  is  shown  by  the  fact 
that  while  heat  is  being  lost  at  a  rapid  rate  some  solutions  become 
so  viscous  that  they  pass  into  a  solid  state  as  a  whole,  without 
any  separation  of  dissolved  substances  taking  place.  They 
become  amorphous  glasses,  or  homogeneous  mixtures,  which  are 
in  fact  rigid  solutions,  from  which  by  extremely  slow  processes 
the  same  compounds  may  in  some  cases  separate  that  would  have 
separated  in  short  times  from  the  solutions  when  liquid.  This 
calls  attention  to  the  distinction  between  the  character  of  the 
solids  separating  from  solutions  and  that  of  a  rigid  solution  such 
as  amorphous  glass.  The  former  are  always  crystallized,  and 
though  no  substances  are  known  to  separate  from  a  solution,  rock 
magma,  in  an  uncrystallized,  amorphous,  condition  the  solidifi- 
cation of  an  isolated  substance  does  not  always  involve  crystalli- 
zation. For  liquid  feldspar,  by  itself,  may  be  cooled  so  rapidly 
as  to  pass  into  amorphous  glass  without  any  part  of  the  liquid 
crystallizing,  though  the  molecular  concentration  is  complete 
and  the  transition  temperature  has  been  passed  during  cooling. 
Many  compounds  may  be  chilled  to  glass  in  a  similar  manner,  but 
a  comparison  of  their  behaviors  shows  that  the  rate  of  cooling 
necessary  to  produce  the  amorphous  condition  varies  with  the 
fluidity  of  the  liquid  compound  as  it  approaches  the  crystallizing 
temperature;  the  more  fluid  the  liquid  the  more  rapid  must  be  the 
rate  of  cooling  necessary  to  prevent  crystallization,  some  liquids 
being  so  fluid  that  they  have  never  been  reduced  to  an  amorphous 
solid  condition,  but  always  crystallize.  This  is  the  well-known 
case  with  water.  The  more  viscous  the  liquid  the  more  readily 
it  may  be  cooled  as  a  glass,  and  some  liquids,  like  melted  albito 
feldspar,  or  melted  silica,  are  so  extremely  viscous  as  they 
approach  the  solidifying  point  that  they  have  never  been  obtained 
in  crystals  in  the  laboratory  by  the  cooling  of  the  pure  liquids. 
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It  appears  from  these  considerations  that  high  viscosity  may 
aflfect  both  the  crystallizing  of  a  substance  from  a  pure  liquid  of 
the  same  composition,  and  also  in  other  cases  when  the  substance 
supersaturates  a  solution  or  mixture  of  substances.  In  the  first 
case  the  molecules  in  contact  with  one  another  do  not  have  time 
to  arrange  or  orient  themselves  into  the  arrangements  which  con- 
stitute crystals.  The  action  which  was  prevented  was  one  of 
turning  or  orientation.  When  a  compound  that  saturates  a 
solution  is  present  in  comparatively  small  amount  it  is  evident 
that  its  molecules,  uniformly  distributed  throughout  the  liquid, 
must  diffuse  through  the  liquid,  that  is,  pass  among  the  molecules 
of  other,  more  abundant  compounds,  in  order  to  gather  together 
to  form  crystals.  The  diffusion  is  prevented  by  high  viscosity, 
and  the  whole  solution  becomes  homogeneous  glass,  for  in  it  the 
molecules  of  the  various  compounds  are  uniformly  mingled.  The 
two  cases  are  thus  distinguished  from  each  other.  Since  the  act 
of  separation  of  a  solid  from  a  solution  involves  the  diffusion  of 
its  molecules  and  this  requires  time,  and  is  affected  by  the  molec- 
ular mobility,  fluidity,  of  the  liquid,  it  follows  that  the  rate  of 
separation  of  solids  from  solution  depends  upon  the  diflfusivity  of 
the  compound,  and  on  the  molecular  mobility  of  the  solution. 

Polymorphic  Substances.  —  When  polymorphic  crystals  sepa- 
rate from  liquid  phase,  or  from  solution,  the  kind  of  crystal 
phase  which  separates  in  a  particular  instance  depends  chiefly 
on  the  temperature  at  which  saturation  and  separation  take 
place,  and  this  depends  largely  on  the  character  of  the  liquid, 
or  of  the  solution,  its  composition  and  viscosity.  It  is  affected 
to  some  extent  by  the  pressure  at  which  separation  takes  place, 
and  is  modified  in  some  instances  by  the  character  of  nuclei 
about  which  the  substance  crystallizes. 

Thus  it  has  been  found  in  the  laboratory*  that  five  crystal  phases  of 
magnesium  metosilicate,  MgSiO,,  may  be  obt-ained  from  the  liquid  phase 
under  different  conditions  as  follows:  1.  An  orthorhombic  form  is  obtained  by 
very  sudden  chilling  of  the  liquid  at  about  1525°.  This  is  enantiotropic 
with  the  second  form  at  1365°.  2.  A  monoclinic  pyroxene  of  this  com- 
position is  formed  by  crystallizing  a  melt  below  the  transition  point,  1365°, 
which  may  be  readily  accomplished  by  slow  cooling.  3.  An  orthorhombic 
pyroxene  identical  with  enstatite  cr3rstAllizes  at  lower  temperatures .  than 

»  Allen,  E.  T.;  White,  W.  P.;  Wright,  F.  E.;  Larsen,  E.  S.    Amer.  Jour.  ScL, 
vol.  27,  1909,  pp.  1-47. 
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that  at  which  the  monoclinic  form  crystallizes.  It  may  be  formed  by  heat- 
ing the  glass  of  this  compound  at  a  temperature  between  1000°  and  1100°. 
It  also  forms  in  silicate  solutions  similar  to  rock  magmas.  4.  A  monoclinic 
ciystal  phase  corresponding  to  an  amphibole  forms  in  veiy  small  quantities 
by  rapidly  cooling  the  liquid  phase.  5.  An  orthorhombic  amphibolic  form 
is  obtained  by  heating  the  molten  silicate  high  above  the  melting  point, 
to  about  1600°,  and  then  cooling  rapidly  in  air.  The  three  last  crystal  phases 
are  monotropic  with  respect  to  the  two  first  and  pass  into  them  upon  heating. 

The  Order  of  Separation  of  several  compounds  from  solution 
depends  on  the  degree  of  saturation  of  each,  that  with  the  high- 
est degree  of  saturation,  or  that  one  whose  saturation  point  is 
reached  first  upon  the  cooling  of  the  magma  solution,  separates 
first/  The  relation  of  saturation  to  molecular  concentration 
and  to  the  melting  point,  or  crystallizing  point,  of  the  com- 
pounds in  solution  has  been  thoroughly  investigated  and  will 
be  stated  for  the  several  groups  of  cases  which  may  possibly 
occur.^ 

(1)  For  the  case  of  two  compounds,  which  when  liquid  are 
miscible  in  all  proportions,  the  relation  between  saturation, 
melting  point  of  each  compound,  and  the 
proportions  of  each  in  the  mixture,  may 
be  indicated  by  a  diagram.  Fig.  1.  In 
this  the  relative  proportions  of  the  com- 
pounds A  and  B  are  given  by  the  ab- 
scissas, temperatures  by  the  ordinates.  The 
solidifying  point  of  A  when  free  from  B  is 
at  Taj  that  for  pure  B  is  at  Tft.  When  B 
is  added  to  liquid  A  the  solidifying  point 
is  lowered,  and  the  line  TaE  shows  the 
solidifying  points  for  mixtures  of  the  two  pjQ^  i 

as  the  amount  of  B  increases.     Likewise 
when  A  is  added  to  liquid  B  the  solidifying  point  is  lowered 

'  This  subject  has  been  specially  treated  by  J.  H.  L.  Vogt  in  a  series 
of  publications^  the  more  important  of  which  are:  Die  SilikatschmelzlOs- 
ungen  mit  besonderer  Riicksicht  auf  die  Miner^lbildung  und  die  Schmelz- 
punktemiedrigung.  I.  tTber  die  Mineralbildung  in  Silikatschmelzl5sungen. 
II.  t3her  die  Schmelzpunktemiedrigung  der  Silikatschmetzldsungen.  In 
Christiania  Videnskabs  Selskabs  Skrifter,  math,  naturv.  Klasse,  1903,  No.  8, 
and  1904,  No.  1.  Also  Physikalisch-chemische  Gesetze  der  Krystallisation- 
sfolge  in  Eruptivgesteinen.  Tscher  min.  petr.  Mitth.,  vol.  24,  1906,  pp.  437- 
642. 

'  Meyerhoffer,  W.     Zeitschr.  f.  Kryst.  u.  Min.  1902. 
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and  the  line  TtE  shows  the  changes  in  solidifying  point  as  A 
increases  in  amount.  At  E  there  is  a  minimum  temperature  at 
which  both  may  solidify  at  the  same  time.  This  is  called  the 
EUTECTic  POINT,  and  the  proportions  of  A  and  B  corresponding  to 
this  point  is  the  eutectic  mixture,  or  the  particular  mixture  of 
the  two  compounds  which  exhibits  the  lowest  melting  point. 
In  general  the  lines  of  solidifying  points  are  not  straight  but 
somewhat  curved. 

The  position  of  the  eutectic  point  between  the  extremes  of  the  diagram, 
ATa  and  BT6,  depends  upon  the  melting  points  of  the  substances  A  and  B, 
their  heat  of  fusion  or  liquefaction,  molecular  weight  and  ionic  dissociation.* 

If  all  these  factors  were  alike  in  the  two  substances  the  eutectic  point 
would  lie  half  way  between  the  extremes,  and  would  correspond  to  an  equal 
mixture  of  A  and  B.  When  the  melting  points  of  A  and  B  are  unlike,  the 
other  factors  being  alike,  the  eutectic  point  will  be  nearer  the  substance  with 
the  lower  melting  point  as  in  Fig.  1.  The  same  is  true  for  its  relation  to  the 
heat  of  fusion,  other  factors  being  alike.  That  is,  the  eutectic  point  will  be 
nearer  the  substance  with  the  lower  heat  of  fusion.  In  general,  the  heat 
of  fusion  increases  with  the  melting  point  for  pyrogenetic  mineral  com- 
pounds, so  that  these  two  factors  operate  in  the  same  direction.  They 
are  also  considerably  more  effective  than  the  others,  because  a  substance 
with  high  melting  point  commonly  possesses  a  correspondingly  high  heat 
of  fusion.  When  the  factors  just  mentioned  are  alike  for  both  substances 
the  eutectic  point  is  nearest  that  with  the  highest  molecular  weight  and  the 
highest  ionic  dissociation.  But  the  influence  of  these  factors  on  the  position 
of  the  eutectic  point  and  the  composition  of  the  eutectic  mixture  is  generally 
inconsiderable.  So  that  the  dominant  relationship  in  magma  solutions  is 
between  the  eutectic  point  and  the  melting  point  of  each  component. 

In  the  case  under  discussion  the  process  of  separation  of  the 
components,  A  or  B,  from  the  solution  may  be  followed  by 
reference  to  Fig.  2.  If  the  point  m  by  its  position  indicates  the 
proportions  of  A  and  B  in  a  given  mixture,  about  .6  A  -f  .4  B, 
and  also  the  temperature,  then  as  heat  is  lost  the  mixture  cools 
to  the  temperature,  t,  when  it  will  be  saturated  with  A,  which 
upon  further  cooling  will  separate  if  supersaturation  does  not 
set  in.  With  separation  of  A  the  composition  of  the  mixture 
changes  toward  greater  amounts  of  B.  The  action  with  falling 
temperature  follows  the  curve  TaE  until  it  reaches  the  eutectic 
point  Ey  when  the  solution  is  saturated  both  with  A  and  B. 
And  if  supersaturation  with  the  second  substance,  B,  does  not 

^  Vogt,  J.  H.  L.    Die  Silikatschmelzldsungen,  II,  1904,  p.  128,  et  acq. 
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take  place,  both  substances  must  separate  at  the  same  time 
upon  further  fall  of  temperature,  the  composition  of  the  mixture 
remaining  constant  until  separation  and  solidification  have  been 
completed. 

Should  the  mixture  originally  consist  of  A  and  B  in  the 
proportions  indicated  by  the  position  of  the  point  n,  about 
.2  A  +  .8  B,  then  as  temperature  falls,  when  V  is  reached  the  solu- 
tion is  saturated  with  B,  and  this  substance  separates  upon  further 
cooling  until  the  composition  of  the  mixture  reaches  the  eutectic 


Fig.  2. 

mixture  at  E,  when  both  components  A  and  B  separate  at  the  same 
time.  The  final  crystallization  after  the  eutectic  point  has  been 
reached  is  the  same  in  all  possible  mixtures  of  A  and  B  when  no 
other  substance  is  present,  and  supersaturation  with  respect 
to  either  component  does  not  take  place. 

The  order  then  in  which  two  components  separate  from  a  solu- 
tion is  dependent  on  their  relative  proportions,  taken  in  con- 
nection with  their  relative  melting  points,  heats  of  liquefaction, 
molecular  weights,  and  ionization  in  solution.  It  is  always 
possible  to  vary  the  proportions  so  that  one  or  the  other  may 
separate  first.  And  the  nearer  the  eutectic  mixture  of  the  two 
is  to  one  of  equal  parts  of  each  the  greater  will  be  the  possi- 
bility of  either  separating  before  the  other  in  mixtures  of  the 
two.  In  cases  where  one  component  has  a  much  higher 
melting  point  than  the  other  the  possibility  of  its  separating 
first  from  differently  proportioned  mixtures  is  proportionately 
increased.  ' 

In  case  supersaturation  takes  place  before  crystallization  of 
one  of  the  components  the  process  of  separation  may  be  traced 
in   the   diagram,  Fig.  3,  as  follows:   a  solution  whose  compo- 
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sition  is  indicated  by  m  cools  below  t,  the  point  of  saturation 
with  A,  until  supersaturation  has  taken  place  and  the  tem- 
perature reaches  s,  when  separation  of  A  sets  in.  This  proceeds 
without  change  of  temperature,  generally,  until  equilibrium 
is  restored  at  the  point  of  saturation  r,  when  the  process  will 
follow  the  line  to  £7,  for  supersaturation  with  A  cannot  again 
take  place  because  of  the  presence  of  A  in  the  solid  phase,  unless 
the  rate  of  cooling  is  relatively  great.  When  E  is  reached  it 
may  happen  that  B  fails  to  separate,  and  supersaturates  the 
solution  until  a  point  d  is  reached,  when  B  begins  to  separate. 
The  process  may  now  follow  one  of  several  courses,     (a)  B  and 
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Fig.  4. 


A  may  both  separate  simultaneously  until  complete  separation 
is  attained,  (b)  B  may  separate  at  stationary  temperature, 
the  further  separation  of  A  being  suspended,  until  the  point  e 
is  reached,  when  both  separate  together,  (c)  At  the  point  d, 
B  may  start  to  separate  at  such  a  rate  that  the  release  of 
heat  of  fusion  may  notably  raise  the  temperature  of  the  solu- 
tion. In  such  a  case  it  is  possible  for  solid  A  to  pass  back  into 
solution  until  this  returns  to  the  proportions  of  the  eutectic 
mixture  either  at  the  point  £,  or  at  some  temperature  between 
E  and  e,  dependent  on  the  rate  of  heat  liberation ;  or  it  is  pos- 
sible for  A  to  remain  undissolved,  or  inappreciably  so,  while 
the  temperature  of  the  solution  rises  until  it  meets  a  satu- 
ration point  for  B  on  the  line  TbE,  somewhere  between  the 
composition  of  the  eutectic  mixture  and  that  of  tfie  solution 
when  the  separation  of  B  began,  indicated  by  /. 

The  partial  melting  of  one  solid  component  through  rise  of 
temperature  due  to   heat  liberated  by  the  rapid  separation  of 
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another  component,  probably  takes  place  to  some  extent  in 
rock  magmas,  and  will  be  referred  to  again. 

The  relations  of  temperature,  concentration  of  two  com- 
ponents, and  supersaturation  of  each,  are  indicated  in  Fig.  4, 
and  need  no  further  description.  From  this  it  is  evident  that 
when  the  curves  TaE  and  TtE  have  nearly  the  same  direction, 
that  is,  when  there  is  but  slight  difference  between  the  melting 
points  of  each  component  and  the  eutectic  point.  Fig.  5,  it  is 
easily  possible  upon  cooling  a  mixture  of  the  two  for  supersatu- 
ration of  one  component  to  take  place  and  persist  until  the 
second  component  saturates  the  solution,  when  it  may  begin 
to  separate  before  the  other. 

Effect  of  Supersaturation  on  Order  of  Separation.  —  Further 
.elaboration  of  this  discussion  relates  to  the  possibility  of  separa- 
tion taking  place  in  the  metastable,  or  labile,  condition  of  the 
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solution  with  respect  to  each  component.  This  has  been  investi- 
gated for  certain  mixtures  by  Miers  ^  with  the  following  results, 
Fig.  6. 

The  melting,  or  saturation,  point  curve  ToETb  denotes  the 
temperatures  at  which  separation  of  A  or  B  may  begin  to  take 
place  from  different  mixtures  of  A  and  B.  In  case  the  solu- 
tion has  the  composition  indicated  by  the  position  of  m,  then 
upon  cooling  to  a,  separation  may  begin,  or  supersaturation  of 
the  solution  may  set  in.  The  solution  may  enter  the  meta- 
stable condition  with  respect  to  A.  This  may  continue  until  the 
temperature  reaches  d,  a  point  on  the  curve  of  spontaneous 
crystallization y  or  the  super solvbility  curve,  to  use  Miers's  term. 
This  curve  is  nearly  parallel  to  that  of  saturation  points  and 

*  Miers,  H.  A.,  and  Isaac,  F.     Proc.  Roy.  Soc.  A.,  vol.  79,  1907,  pp.  322-351. 
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corresponds  to  the  transition  points  from  metastable  to  labile 
condition  in  different  mixtures  of  two  components.  In  the 
metastable  condition  crystallization  may  take  place  from  con- 
tact with  solid;  in  the  labile  condition  it  may  be  induced  to  take 
place  by  mechanical  means,  such  as  agitation.  But  it  does 
not  necessarily  happen  when  the  labile  condition  of  a  solution 
has  been  reached,  since  it  has  been  demonstrated  by  Miers  that 
in  a  closed  tube  free  from  every  trace  of  solid  phase  of  a  substance 
separation  may  be  delayed  indefinitely  even  when  the  solution 
has  reached  the  labile  stage  or  temperature. 

It  is  possible  then  for  the  mixture  represented  by  m,  Fig.  6, 
to  cool  below  the  temperature  b  without  any  solid  A  separating. 
Upon  cooling  to  c,  B  may  separate  if  solid  B  is  present,  or  the 
solution  may  enter  the  metastable  condition  with  respect  to 
B,  eventually  cooling  to  g  and  entering  upon  the  labile  con- 
dition with  respect  to  B.  In  such  a  case  it  is  labile  with  respect 
to  A  and  B  at  the  same  time.  From  this  it  is  seen  that  under 
conditions  favoring  supersaturation  it  is  possible  to  obtain 
crystals  of  A  or  B  in  either  order,  and  in  each  case  either  by  a 
metastable  or  a  labile  mode  of  separation. 

Moreover,  the  case  represented  by  Fig.  3  is  better  understood 
when  considered  in  connection  with  the  existence  of  the  curve 
of  spontaneous  separation.  For  when  the  separation  of  A  pro- 
ceeds along  the  line  ToE,  and  with  supersaturation  of  the  solu- 
tion with  B,  reaches  /,  Fig.  6,  if  this  is  the  labile  point  for  B 
its  separation  should  be  rapid,  while  that  of  A  which  is  not 
near  its  labile  point  may  be  slow  if  the  fall  of  temperature  is  not 
too  rapid.  The  bearing  of  these  differences  in  the  rates  of 
separation  of  two  constituents  crystallizing  at  the  same  time 
upon  the  texture  of  igneous  rocks  will  be  discussed  in  another 
place.  It  will  be  observed  in  Fig.  6,  that  the  hypertectic  point, 
H,  is  not  the  same  as  the  eutectic  point  either  as  regards  temper- 
ature or  the  composition  of  the  mixture. 

For  a  constant  rate  of  temperature  change  the  rate  of  separa- 
tion of  a  substance  from  solution  is  undoubtedly  related  to  the 
degree  of  supersaturation  at  which  it  begins,  and  this  iliay  be 
expressed  by  means  of  a  diagram,  and  the  possible  process  of 
separation  of  the  components  A  and  B  may  be  indicated  as  in 
Fig.  7.     From  m  cooling  may  carry  the  solution  to  a  point  of 
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supersaturation,  d,  at  which  rapid  separation  may  take  it  to  c, 
from  which  it  follows  the  line  TaE  into  the  metastable  condition 
of  B  until  /  is  reached.  This  point  is  near  the  labile  limit  for  B 
but  is  only  at  saturation  point  for  A.  The  separation  of  B 
would  proceed  rapidly  while  that  of  A  continued  relatively 
slowly.  This  would  change  the  composition  of  the  mixture 
faster  with  respect  to  B  than  to  A,  consequently  the  line  from 
/  toward  H  would  represent  the  changes  in  composition  of  the 
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mixture,  for  nearly  stationary  temperature,  which  according 
to  the  rate  of  liberation  of  heat  of  fusion  of  B,  and  the  rate 
of  loss  of  heat  from  the  solution,  would  cause  the  line  of  separa- 
tion from  /  to  move  horizontally,  to  rise,  or  to  fall  toward  H. 
According  to  the  rate  of  separation  of  B  as  compared  with 
that  of  A,  the  amount  of  A  in  solution  varies,  its  supersaturation 
setting  in  under  the  assumption  of  the  case  under  discussion. 
With  its  supersaturation  its  rate  of  separation  would  increase 
until  equilibrium  is  established  between  the  solubilities  of  A 
and  B,  their  proportions,  and  the  temperature  of  the  solution. 
This  must  lie  in  the  direction  of  the  hypertectic  point  H.  The 
final  separation  of  the  components  A  and  B  will  take  place 
then  more  nearly  according  to  the  hypertectic  proportions  than 
the  eutectic  proportions. 

It  is  evident  from  the  foregoing  discussion  that  from  mix- 
tures of  two  independent  miscible  components  separation  may 
take  place  in  either  order,  at  variable  rates  for  each  component, 
and  that  the  final  act  of  crystallization  may  be  quite  different 
in  different  cases  according  to  the  degree  of  supersaturation 
attained  for  each  component.  The  probability  that  any  par- 
ticular mode  of  separation  will  take   place  with  greater  fre- 
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quency  than  others  in  various  rock  magmas  must  be  deter- 
mined by  observation  and  experimentation,  and  will  be  con- 
sidered more  fully  in  the  discussion  of  rock  textures. 

Separation  of  Isomorphous  Compounds.  —  When  two  compo- 
nents, miscible  in  all  proportions  in  the  liquid  state,  are  capable 

of  forming  mixed  isomorphous  crys- 
tals, the  process  of  separation  from 
solutions  of  the  two  is  somewhat 
different  from  that  just  described. 
Several  cases  arise  according  as 
the  two  components  (A)  can  form 
an  unbroken  series  of  mixed  crys- 
tals, or  (B)  cannot  form  a  con- 
tinuous series.^  Examples  of  these 
cases  occur  among  the  mineral 
compounds  in  igneous  rocks.  The 
process  of  separation  may  be  dis- 
cussed by  means  of  a  diagram 
similar  to  those  already  used  in 
which  the  ordinates  are  tem- 
peratures and  the  abscissa^  con- 
centration, or  proportions  of  the  two  components,  A  and 
B,  Fig.  8.  Since  the  solids  separating  are  solid  solutions,  as 
already  pointed  out,  and  the  concentrations  of  the  components 
in  the  solid  and  liquid  phases  are  not  the  same  in  general  for  like 
temperatures,  it  follows  that  two  transition  curves  are  necessary 
for  each  system,  one  relating  to  the  liquid  phase,  the  other  to  the 
solid  phase.'  The  temperature  at  which  solid  begins  to  separate 
from  the  liquid  solution  may  be  called  the  freezing  point  of  the 
liquid,  and  that  at  which  the  solid  solution  begins  to  liquefy  may 
be  called  the  melting  point  of  the  solid  solution.  The  temperature- 
concentration  curve  for  the  liquid  phase  will  therefore  be  the 
freezing-point  curve,  sometimes  called  the  liquidus,  that  for  the 
solid  phase  will  be  the  melting-point  curve,  or  solidus.  The  latter 
is  designated  in  the  diagrams  by  a  broken  line. 

(A)  In  the  case  under  discussion,  since  there  is  a  continuous 
series  of  mixed  crystals  possible  between  the  extremes,  the  equi- 

»  Roozeboom,  H.  W.  B.     Zeitschr.  f.  phy.  Chem.,  vol.  30,  1899. 
»  Findlay,  Alex.    The  Phase  Rule,  1904,  p.  180. 
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librium  curve  must  be  continuous.  The  possible  variations  in 
types  of  processes  of  separation  under  these  conditions  are  three, 
which  are  represented  in  the  diagram,  Fig.  8.  I.  The  freezing 
points  of  all  mixtures  lie  between  the  freezing  points  of  the  pure 
components  A  and  B.  II.  The  freezing-point  curve  possesses 
a  maximum.  III.  The  freezing-point  curve  passes  through 
a  minimum.  The  same  is  true  of  the  melting-point  curves 
in  each  type  as  shown  in  the  diagram,  and  since  they  lie  below 
the  corresponding  freezing-point  curves,  and  are  tangent  to 
them  at  the  maximum  and  minimum  points,  it  follows  that  at 
any  given  temperatures,  such  as  at  a,  d  and  c,  in  the  different 
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types,  the  concentration  of  that  component,  by  the  addition  of  which 
the  freezing  point  is  depressed,  is  greater  in  the  liquid  than  in  the 
solid  phase;  or,  conversely,  the  concentration  of  that  component,  by 
the  addition  of  which  the  freezing  point  is  raised,  is  greater  in  the 
solid  than  in  the  liquid  phase. 

In  consequence  of  this  relation  the  composition  of  the  mixed 
crystal  separating  from  a  solution  of  two  components  is  generally 
different  from  that  of  the  solution  from  which  it  separates,  as  may 
be  seen  from  Fig.  9,  representing  a  case  of  the  first  type.  When 
a  solution,  whose  composition  is  indicated  by  the  position  of  m, 
cools  to  the  temperature  a,  the  solid  mixed  crystal  that  is  in 
equilibrium  with  the  solution  at  this  temperature  is  at  a',  and  its 
composition  differs  from  that  of  the  solution  at  this  temperature 
by  a  greater  amount  of  B.  As  the  temperature  falls,  the  corre- 
sponding freezing  points  of  the  liquid  would  be  found  along  the 
line  ac',  but  the  compositions  of  the  successive  mixed  salts,  sepa- 
rated from  solution,  would  follow  the  curve  a'c,  that  is,  they  would 
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become  gradually  richer  in  A,  as  separation  progressed.  When 
solidification  is  complete  the  average  composition  of  the  mixed 
crystals  must  equal  the  composition  of  the  whole  solution  at  the 
beginning  of  separation,  which  is  indicated  by  the  position  of  m 
in  the  diagram.  But  as  the  first  of  these  are  richer  in  B  than  the 
solution,  the  last  of  them  must  be  richer  in  A  than  the  original 
solution.  The  final  separation  must  take  place  with  a  concen- 
tration nearer  to  A  than  c  is  in  the  diagram. 

In  Type  II,  in  which  a  maximum  separating  point  exists 
between  the  extremes  of  the  pure  components,  the  addition  of 
either  to  a  pure  liquid  of  the  other  must  raise  the  freezing  point. 
This  is  a  very  rare  occurrence,  and  it  is  not  known  that  any  min- 
eral compounds  formed  in  igneous  rocks  are  of  this  type. 


Fig.  10. 


In  Type  III,  with  a  minimum  freezing  point  for  certain  mix- 
tures of  two  components,  there  is  a  resemblance  to  the  general 
case  of  two  compounds  that  do  not  form  mixed  salts.  But 
instead  of  a  eutectic  point  at  the  intersection  of  two  curves,  there 
is  one  continuous  curve  through  the  minimum  point,  at  which 
the  mixed  crystal  would  separate  with  the  composition  of  the 
liquid,  and  would  exhibit  a  definite  melting  point.  For  solu- 
tions on  either  side  of  this  point  the  separating  mixed  crystals 
would  contain  more  of  one  component,  or  of  the  other,  than  the 
solution  contained. 

Thus,  in  Fig.  10,  from  a  solution  at  c.i,  v/hen  cooled  to  a,  crys- 
tals would  separate  relatively  richer  in  A  than  the  solution,  and 
with  continued  cooling  they  would  become  richer  in  B  until  the 
minimum  point,  P,  is  reached,  when  the  solution  would  solidify 
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with  this  composition,  provided  it  had  not  completely  solidified 
before  this  point  was  reached.  On  the  other  hand,  from  a  solu- 
tion, at  n,  when  cooled  to  c,  crystals  would  separate  relatively 
richer  in  B  than  the  solution,  and  upon  further  cooling  they  would 
become  richer  in  A  until  the  point  P  was  reached,  when  the 
remainder  of  the  solution  would  solidify  with  a  composition  cor- 
responding to  this  point  in  the  diagram.  That  is,  in  each  of  these 
cases  the  end  result  might  be  the  same,  though  approached  from 
opposite  directions.  The  occurrence  of  mixed  crystals  exhibiting 
this  variation  in  zonal  structure  should  be  a  proof  that  the  com- 
ponents belonged  to  this  type  of  isomorphous  compounds.  It  is 
a  question  whether  this  type  is  represented  among  the  pyrogenetic 
minerals. 
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(B)  When  the  two  components  do  not  form  a  continuous  series  of 
mixed  scdtSj  the  case  is  similar  to  that  of  liquids  not  miscible  in  all 
proportions.  Crystals  of  A  can  take  on  variable  amounts  of  B 
up  to  a  certain  amount,  and  crystals  of  B  can  take  on  variable 
amounts  of  A  up  to  a  certain  limit;  while  in  the  liquid  phase  they 
are  miscible  in  all  proportions.  In  this  case  there  are  two  types 
of  variation. 

I.  The  freezing-point  curve  exhibits  a  transition  pointy  as  at  c, 
curve  I,  Fig.  11.  It  resembles  the  first  type  shown  in  Fig.  8,  but 
the  rate  of  change  of  freezing  point  with  concentration  is  not  uni- 
form, there  being  a  change  of  rate  at  the  point  c;  and  the  rate  of 
change  of  concentration  in  the  solid  solutions  being  still  more 
diverse,  the  melting-point  curves  do  not  meet  when  the  tempera- 
ture is  at  c,  but  pass  through  the  points  d  and  e,  so  that  at  tem- 
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perature  c,  two  concentrations  of  mixed  salts,  corresponding  to 
the  points  d  and  e,  are  in  equilibrium  with  the  liquid  solution. 

11.  In  the  second  type  the  freezing-point  curve  exhibits  a 
eutectic  point j  as  at  c,  curve  II,  Fig.  11.  This  resembles  Type  III, 
Fig.  8,  except  that  the  curves  corresponding  to  the  concentration 
in  the  solid  solutions  do  not  meet  at  the  eutectic  point,  but  pass 
through  points  d  and  6,  for  the  temperature  at  c,  Fig.  11,  so  that 
at  this  temperature  two  concentrations  of  mixed  salts  are  in  equi- 
librium with  the  liquid  solution.  Examples  of  isomorphous  com- 
pounds that  under  the  conditions  attending  the  cooling  of  rock 
magmas  do  not  form  unbroken  series  of  mixed  crystals  are  found 
in  potash-feldspar  and  lime-soda-feldspars'.  Though  similar 
chemically,  and  crystallizing  in  similar  forms,  they  usually  con- 
stitute distinctly  different  mixed  crystals,  potash-feldspar  often 
containing  variable  amounts  of  soda-feldspar,  and  still  less  of 
lime-feldspar,  while  lime-soda-feldspars  frequently  contain  small 
amounts  of  potash-feldspar. 

By  analogy  with  partially  miscible  liquid  solutions,  partially 
miscible  solid  solutions,  which  are  more  miscible  at  higher  tem- 
peratures than  at  lower,  may  upon  suflBcient  fall  of  temperature 
readjust  themselves  by  separating  into  two  solid  solutions  of 
different  concentration.  This  transformation,  which  is  known 
to  take  place  in  the  solid  state  in  some  metallic  alloys,*  has  been 
supposed  by  some  petrologists  to  take  place  in  certain  pyro- 
genetic  mixed  solutions,  and  to  result  in  perthitic  intergrowth  of 
potash-feldspar  and  soda-feldspar.  But  there  is  as  yet  no  defi- 
nite evidence  that  these  intergrowths  are  not  original  modes  of 
crystallization  from  the  rock  magma. 

Zonal  Structure.  —  Since  isomorphous  compounds  commonly 
crystallize  about  one  another  in  parallel  molecular  arrangement, 
the  first  mixed  crystals  of  A  and  B,  richer  in  B,  will  be  surrounded 
by  successive  shells  of  mixed  crystals  containing  more  and  more 
A.  This  produces  a  zonal  structure  in  the  isomorphous  com- 
pound crystal,  which  may  show  itself  in  differences  of  color,  of 
refraction,  and  of  other  optical  properties.  The  commonest 
examples  of  such  zonally  built  pyrogenetic  crystals  are  furnished 
by  the  lime-soda-feldspars. 

*  Roberts-Austen   and  Stansiield,*  Rapports  du  congr^s  international  de 
physique,  1900,  I,  p.  363. 
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When  temperature  falls  rapidly  it  may  pass  so  quickly  from  a 
to  c,  Fig.  9,  that  the  mixed  crystals  will  separate  with  the  same 
composition  as  the  liquid  solution;  they  will  have  a  uniform  com- 
position throughout  and  will  not  exhibit  zonal  structure;  or  should 
supersaturation  take  place  with  slow  cooling,  and  the  temperature 
reach  c,  or  less,  the  mixed  crystal  will  have  a  uniform  composition 
like  that  of  the  solution.  The  first  case  is  realized  when  lime- 
soda-feldspars  are  crystallized  in  the  laboratory.^  In  this  case  no 
zonal  structure  is  developed.  The  second  case  is  probably  real- 
ized in  coarse-grained  rocks  rich  in  lime-soda-feldspars,  gabbro 
and  anorthosite,  in  which  the  feldspars  are  without  zonal  struc- 
ture, that  is,  are  of  uniform  composition. 

Referring  to  Fig.  9,  it  will  appear  that  there  may  be  irregular 
variation  in  the  composition  or  concentration  of  successive  mixed 
crystals,  or  of  zones  in  a  zonally  built  one,  since  the  composition 
at  a  particular  temperature  also  depends  upon  the  rate  of  cliange 
of  temperature.  For  if  with  rapid  cooling  a  homogeneous  mixed 
crystal  may  form,  having  the  composition  at  c,  and  with  slower 
adjustment  one  may  separate  having  the  composition  at  a', 
then  with  variable  conditions  mixed  crystals  having  any  inter- 
mediate composition  may  form.  Should  variations  in  the  tem- 
perature take  place  in  an  irregular  manner  during  the  separation 
or  crystallization  of  solids  there  might  be  produced  successive 
shells,  or  zones,  not  only  of  notably  different  concentrations  in  one 
direction,  producing  irregular  steps,  or  stages,  instead  of  a  gradual 
transition  from  zones,  or  crystals,  richer  in  B  toward  those  poorer 
in  B,  but  there  may  be  produced  zones,  or  crystals,  exhibiting 
a  recurrence  in  degrees  of  concentration,  that  is,  reversing  the 
order  of  separation.  For  a  mixture  near  c  might  be  followed  by 
one  nearer  a'.  This  alternation  of  zones  is  often  noticed  in  the 
lime-soda-feldspars,  and  stepped  zones  with  distinct  optical  differ- 
ences are  those  most  frequently  developed  in  these  minerals. 
Several  causes  can  be  found  to  affect  variation  in  the  rate  of  cool- 
ing of  rock  magmas,  such  as  changes  in  position  during  eruption, 
affecting  rate  of  loss  of  heat  by  conduction  and  change  of  pres- 
sure, also  variation  in  the  liberation  of  heat  of  fusion  upon  the 
crystallization  of  minerals. 

*  Day,  A.  L.,  and  Allen,  E.  T.  Isomorphism  and  Thermal  Properties  of  the 
Feldspars.     Publ.  Carnegie  Institution,  Washington. 
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Eutectic  Mixtures  of  More  than  Two  Components.  —  If  to  a 

solution  of  two  components  in  one  another,  which  may  separate 
into  the  pure  solids  without  the  production  of  mixed  salts  or 
new  compounds,  there  be  added  a  third  component  behaving 
in  like  manner  to  the  first  two,  then  the  freezing  points  of  the 
ternary  solution  will  be  lower  than  those  of  the  jBrst,  and  a 
minimum  or  ternary  eutectic  point  will  exist,  for  which  there 
will  be  a  particular  concentration  of  the  three  components, 
which  will  separate  at  the  same  time,  if  supersaturation  does 
not  take  place.  This  relation  between  temperature  and  con- 
centration for  three  components  may  be  illustrated  by  the  dia- 
gram, Fig.  12.     In  this  it  is  seen  that  the  point  Eabc  will  lie  below 
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all  of  the  other  eutectic  points,  Eaty  Etcj  Eae,  between  each  pair  of 
components,  A  and  B,  B  and  C,  A  and  C.  The  normal  projec- 
tion of  these  on  the  basal  triangle  ABC  shows  the  concentra- 
tion of  each  component  in  the  four  eutectic  mixtures,  one  of 
which  is  ternary,  at  Eabc-  From  this,  when  represented  in  a 
simpler  manner  as  in  Fig.  13,  it  is  seen  that  the  concentration  of 
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A  and  C  is  not  the  same  in  the  ternary  eutectic  mixture,  Eabe, 
as  it  is  in  the  binary  one,  at  Eae-  In  other  words,  the  concen- 
tration of  any  two  components  that  may  enter  a  eutectic  mix- 
ture varies  with  the  character  of  other  components  that  may 
enter  the  solution. 

The  process  of  separation  in  a  ternary  solution  may  be  fol- 
lowed by  means  of  the  diagrams,  Figs.  12  and  13.  If  m  indicate 
by  its  position  the  temperature  and  composition  of  a  ternary 
solution,  consisting  approximately  of  .3  A,  .6  B,  and  .1  C,  then 
upon  cooling  to  the  point  n,  if  supersaturation  does  not  set  in, 
B  in  solid  phase  will  begin  to  separate,  and  will  continue  to  do 


so  as  temperature  falls  to  the  point  o,  when  C  will  also  begin 
separating  along  with  B,  as  in  a  eutectic  mixture,  but  at  diflfer- 
ent  concentration  from  what  it  would  have  at  Ebc  This  is 
owing  to  the  presence  of  the  third  component,  A.  B  and  C 
continue  separating  at  different  rates,  changing  the  ratio  be- 
tween them  until  the  temperature  at  Eabe  is  reached,  when  A 
begins  to  separate  along  with  B  and  C;  the  solution  then  having 
the  eutectic  concentration  for  these  three  components.  In 
Fig.  13,  the  path  followed  by  the  curve  of  separation  n'o'  lies 
along  the  line  connecting  n'  with  B,  since  the  ratio  between 
A  and  C  must  remain  unchanged  while  B  alone  is  separating 
from  the  solution.  In  like  manner  the  process  of  separation 
may  be  traced  for  the  case  of  any  solution  of  three  components 
when  supersaturation  does  not  take  place. 

In  case  there  is  supersaturation,  the  process  will  be  modified 
in  a  manner  analogous  to  that  discussed  for  supersaturated 
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binary  solutions.  And  as  this  may  happen  in  cooling  rock 
magmas  the  possibility  of  a  ternary  hypertectic  mixture  and 
temperature  must  be  kept  in  mind. 

When  there  are  more  than  three  independent  components 
capable  of  separation  in  solid  phase  the  discussion  becomes 
more  intricate  because  of  the  difl5culty  of  introducing  four  or 
more  coordinate  factors  into  a  plane  diagram.  The  process 
may  be  imagined  more  or  less  correctly,  however,  and  the 
general  statement  made  that,  according  to  the  concentration 
of  the  components  in  the  solution,  upon  cooling  a  temperature 
will  be  reached  at  which  one  component,  two  components,  or 
more,  will  begin  to  separate  from  the  solution.  If  the  concen- 
tration happened  to  be  just  that  of  the  eutectic  mixture  of  all 
the  components,  and  there  were  no  supersaturation  by  any 
component  taking  place,  then  all  would  begin  to  separate  at 
once,  and  continue  crystallizing  at  the  same  time. 
.  In  case  one  component  only  separated  at  first,  it  would  con- 
tinue to  do  so  alone  until  the  concentration  and  temperature 
were  such  that  another  component  reached  the  point  of  satura- 
tion, when  it  would  join  the  first  and  separate  at  the  same  time 
as  temperature  fell,  and  so  on  until  all  components  were  sepa- 
rating, that  is,  crystallizing.  Theoretically  each  component 
should  remain  in  solution  to  a  certain  extent  until  the  final 
eutectic  mixture  is  reached,  the  extent  depending  on  the  solu- 
bility relationships.  But  the  amount  remaining  in  solution 
may  be  inappreciable  in  some  cases,  when  it  is  customary  to 
say  that  the  substance  has  entirely  separated  in  solid  phase. 

The  process  of  separation  from  a  complex  solution,  such  as 
most  rock  magmas,  is  further  complicated  by  the  formation  of 
mixed  crystals  in  the  manner  already  described,  and  by  the 
molecular  decomposition  and  chemical  recomposition  of  vari- 
ous compounds  during  the  cooling  of  the  solution,  as  when 
amphiboles,  micas,  and  other  mineral  compounds  are  affected. 

From  the  foregoing  it  appears  that  the  solidification  with 
crystallization  of  rock  magmas  must  be  an  extremely  intricate 
process,  involving  variable  or  irregular  changes  in  temperature 
and  pressure  consequent  on  the  movements  of  eruption,  together 
with  variations  in  composition  chiefly  through  changes  in  gase- 
ous   components,    and   the   possibilities    of   chemical    reaction 
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among  the  components  with  changing  chemical  equilibria,  and 
the  probabilities  of  supersaturation  of  the  magma  by  different 
components  to  various  degrees.  And  while  on  this  account, 
and  because  of  the  present  imperfect  knowledge  of  the  chemical 
and  physical  constants  of  many  of  the  pyrogenetic  compounds, 
it  is  not  possible  to  treat  the  problem  of  rock  crystallization  in  a 
strictly  quantitative  manner,  still  it  may  be  possible  to  point 
out  the  salient  features  of  the  process  in  a  general  way  and 
treat  it  in  a  qualitative  manner.  This  will  be  attempted  in 
certain  instances  in  the  following  ipages.  For  special  discus- 
sions of  the  problem  the  student  is  referred  to  writings  by  Vogt,* 
Doelter,*  and  by  Day  and  his  colleagues  in  the  Geophysical 
laboratory  of  the  Carnegie  Institution  of  Washington  already 
cited. 

*  Vogt,  J.  H.  L.  Die  SitikatschmeUldsungen.  Videnskabs-Selskabets 
Skrifter,  L  Math.-naturv.  Klasse,  1903,  No.  8,  and  1904,  No.  1,  Christiania, 
and  other  papers. 

'  Doelter,  C.  PhysikxUisch-chemische  Mineralogte,  Leipzig,  1905,  also 
Petrogenesia,  Braunschweig,  1906. 


CHAPTER  VI 
CRYSTALLIZATION  AND  TEXTURE  OF  IGNEOUS  ROCKS 

Introduction.  —  When  a  substance  separates  from  liquid  solu- 
tion in  solid  phase  it  crystallizes,  that  is,  its  molecules  arrange 
themselves  in  some  one  of  the  regular,  more  or  less  symmetrical 
structures  characteristic  of  crystals.  They  do  not  form  amor- 
phous bodies  like  glass.  This  is  only  produced  by  a  reduction  of 
molecular  mobility,  an  increase  in  viscosity,  such  that  crystal 
molecular  arrangement  is  prevented.  As  already  said,  rock  glass 
is  produced  by  the  relatively  rapid  cooling  of  rock  magma,  and  is 
a  final  stage  in  its  solidification.  It  commonly  forms  after 
some  components  of  the  magma  solutions  have  crystallized,  but 
it  does  not  separate  in  a  solid  state  from  liquid  magma,  and  only 
forms  as  the  solidification  of  the  remaining  liquid. 

Since  some  rock  magmas  are  exceedingly  viscous  as  they 
approach  saturation  points,  so  that  there  is  an  imperceptible 
gradation  between  viscous  liquid  and  solid  glass,  no  line  of  demar- 
cation exists  between  liquid  and  glass.  Crystallization  may  take 
place  in  the  highly  viscous  liquid,  and  it  takes  place  also  at  very 
slow  rate  in  the  course  of  great  lengths  of  time  in  the  solid  glass. 
The  former  is  pyrogenetic,  the  latter  is  secondary,  or  subsequent, 
and  is  properly  devitrification  in  a  strict  sense.  But  as  hot, 
highly  viscous  liquid  may  be  called  plastic  glass,  crystallization 
in  such  a  body  has  been  called  by  some  devitrification.  This  is 
a  common  custom  among  manufacturers  of  commercial  glass, 
and  is  sometimes  followed  by  petrographers.  The  term,  devitri- 
fication, will  be  used  in  this  book  only  for  crystallization  that  has 
taken  place  in  rock  glass  through  secondary  causes.  The  dis- 
cussion which  follows  relates  to  crystallization  that  takes  place 
directly  upon  the  cooling  of  rock  magmas  having  any  degree 
of  'viscosity. 

The  act  of  crystallization  involves  the  idea  of  molecular  attrac- 
tion, together  with  that  of  molecular  orientation  or  adjustment 
by  turning,  as  well  as  that  of  a  selective  character,  since  mole- 
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cules  of  like  substance  come  together  to  form  a  crystal,  separat- 
ing themselves  by  diffusion  from  the  molecules  of  other  sub- 
stances with  which  they  are  homogeneously  mingled.  The  initial 
impulse  must  lie  in  the  force  of  attraction  between  the  solid 
molecules  in  solution,  this  being  accompanied  by  those  of  orien- 
tation. The  condensation  of  several  solid  molecules  into  a  more 
compact  spacing  in  the  crystal  than  they  possessed  in  the  solu- 
tion decreases  the  molecular  concentration  of  the  crystallizing 
substance  in  the  immediate  neighborhood  of  the  crystal.  This 
is  adjusted  by  the  diffusion  of  more  distant  molecules  of  this  sub- 
stance into  the  space  neighboring  the  crystal,  and  if  temperature 
continues  to  fall  and  concentration  to  keep  pace  with  the  con- 
densation of  the  crystallizing  molecules,  the  act  of  crystallization 
will  continue.  If  subsequent  concentration  does  not  pass  satu- 
ration, crystallization  ceases. 

Supersaturation  may  be  imagined  as  a  molecular  condition  in 
which  the  uniformly  spaced  molecules  of  a  substance  being  like 
distances  apart  exert  equal  attractions  on  each  other  in  all  direc- 
tions, so  that  no  two  can  come  closer  together  than  others.  They 
all  may  become  gradually  closer  as  supersaturation  increases 
without  disturbing  the  equilibrium  of  the  attractive  forces. 
Anything  that  will  destroy  this,  like  the  superior  attraction  of  a 
crystal  solid  of  the  same  substance,  or  an  unequally  distributed 
molecular  movement,  brought  about  by  a  sudden  jar,  will  per- 
mit the  molecules  to  cluster  together.  The  greater  the  inter- 
molecular  tension,  the  quicker  the  reaction  and  the  greater  the 
number  of  clusters  of  molecules,  that  is,  the  greater  the  number 
of  centers  toward  which  molecular  condensation  will  take  place. 
The  greater  the  number  of  centers  of  crystallization,  the  greater 
the  number  of  crystals  in  a  given  volume  and  the  smaller  their 
size. 

The  extent  to  which  a  rock  magma  may  have  crystallized  upon 
cooling,  or  may  have  passed  into  an  amorphous  rigid  state,  or 
glass,  not  only  affects  the  mineral  constitution  of  the  resulting 
rock  but  its  physical  character  and  its  appearance  on  a  surface, 
or  in  section.  This  appearance,  which  is  derived  from  the  min- 
eral components,  and  from  the  groundmass  of  dense  or  glassy 
rocks,  is  called  its  texture,  and  may  be  thought  of  as  consisting 
of  three  kinds  of  features  or  factors:  (1)  the  degree  or  extent  of 
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crystallization  —  the  crystallinity;  (2)  the  magnitude  or  size  of 
the  crystals  —  the  granularity;  (3)  the  shape  and  arrangement 
of  the  crystals  and  amorphous  parts  —  the  fabric.^  Each  of 
these  factors  will  be  discussed  at  length. 

CRYSTALLINITY 

Since  all  kinds  of  rock  magmas  under  favorable  conditions 
may  solidify  into  crystallized  substances,  minerals,  without  any 
residuum  of  amorphous  glass,  and  all  of  these  substances  or  the 
magmas  themselves  may  be  solidified  by  rapid  cooling  into  glasses 
without  crystals,  it  follows  that  between  the  extremes  mentioned 
all  degrees  of  crystallinity  are  possible.  However,  in  the  solidifi- 
cation of  all  kinds  of  rock  magmas  are  all  degrees  of  crystallinity 
equally  likely  to  occur?  The  answer  to  this  question  will  be  found 
in  a  consideration  of  the  factors  involved  in  crystallization.  These 
are:  (1)  the  molecular  mobility,  viscosity,  of  the  liquid  magma, 
and  (2)  the  rate  of  cooling.  The  viscosity  depends  upon  the 
chemical  composition  of  the  liquid  and  on  temperature,  and  to  a 
less  extent  on  pressure.  By  the  chemical  composition  of  the 
liquid  is  meant  its  composition  in  the  most  complete  sense, 
involving  constituents  that  appear  in  solid  phase  in  the  tocks, 
and  those  that  may  not  be  visible  in  the  rocks,  or  may  have 
escaped  during  the  solidification  of  the  magma,  chiefly  gases. 

Effects  of  Viscosity.  —  The  relation  between  viscosity  and 
composition  of  magmas  is  shown  by  a  comparison  of  the  fluidities 
of  diflferent  melted  pyrogenetic  minerals,  and  of  rock  magmas, 
at  temperatures  near  the  freezing  point.  Such  substances  as 
liquid  quartz,  orthoclase,  albite,  or  magmas  composed  chiefly  of 
.these  compounds,  are  extremely  viscous  as  they  approach  crys- 
tallizing temperatures,  the  observations  of  Day,  already  alluded 
to,  having  shown  that  albite  glass  and  the  crystal  at  the  melting 
or  freezing  point  have  essentially  the  same  high  viscosity  or 
solidity.  The  same  is  undoubtedly  true  of  orthoclase  and  of 
quartz.  Attempts  to  crystallize  these  minerals  from  their  liquids 
in  open  crucibles  have  failed,  and  the  frequent  occurrence  of 
glassy  rocks  —  obsidians  —  composed  chiefly  of  these  compounds 

*  Cross,  Iddings,  Pirsson  and  Washington,  Jour.  Geol.,  vol.  10  (1902), 
p.  611,  and  vol.  14  (1906),  p.  692. 
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is  well  known.  On  the  other  hand,  liquids  of  anorthite,  or 
strongly  calcic  feldspars  and  pyroxene,  or  the  magmas  composed 
chiefly  of  these  compounds  are  much  more  fluid  at  temperatures 
near  their  solidifying  points,  and  crystallization  readily  takes 
place  in  such  liquids  in  open  crucibles,  and  rock  magmas  com- 
posed of  these  compounds  commonly  crystallize  fully,  and  seldom 
form  rock  glasses,  unless  chilled  very  quickly.  Thus  rock  glass 
is  oftenest  produced  in  igneous  rocks  rich  in  silica,  with  alkalic 
feldspars,  is  frequently  produced  in  those  composed  almost  wholly 
of  alkalic  feldspars,  and  is  less  and  less  frequent  as  the  rocks  con- 
tain more  and  more  calcic  and  ferromagnesian  compounds. 

Effects  Due  to  Dissolved  Gases.  —  The  r61e  played  by  gases, 
notably  H2O,  in  modifying  viscosity  and.  therefore  crystallinity 
is  shown  by  the  increase  of  viscosity  upon  escape  of  gas  from 
melting  magmas.  Obsidian  may  be  melted  before  an  oxy- 
hydrogen  blowpipe  with  evident  fluidity  and  signs  of  ebullition 
as  some  of  the  components  escape  as  gas,  but  after  cooling  the 
resulting  glass  is  with  difficulty  melted  by  the  same  flame  and  is 
extremely  viscous,  scarcely  moving  before  the  current  blown 
against  it.  The  difference  in  viscosity  between  the  two  melting 
glasses  is  strongly  marked,  but  no  direct  determinations  of  the 
viscosity  of  different  silicate  glasses  with,  and  without,  dissolved 
gases  have  been  made. 

The  effect  of  gases  upon  crystallization  in  rock  magmas  is  plainly  shown 
in  the  more  siliceous  and  more  glassy  rocks.  In  the  case  of  the  highly 
siliceous  obsidian  at  Obsidian  Cliff,  Yellowstone  National  Park,^  it  has  been 
demonstrated  that  gases  were  irregularly  distributed  in  the  magma,  causing 
irregularly  distributed  bubbles  in  the  pumiceous  part  of  the  lava  and  in  more 
compact  i>ortions  near  the  pumice,  and  in  these  portions  the  distribution 
of  minute  crystals  conforms  to  that  of  the  bubbles  in  the  more  pumiceous 
parts;  indicating  that  where  there  was  more  dissolved  gas  the  conditions 
were  more  favorable  for  crystallization  than  in  other  parts  of  the  magma. 
For  the  latter  became  too  viscous  to  crystallize  owing  to  rapid  cooling,  but 
the  portions  with  more  gas,  being  more  fluid  at  the  same  temperatures,  per- 
mitted the  molecular  diffusion  and  orientation  necessary  for  crystallization. 
If  greater  fluidity  due  to  the  presence  of  gas  results  in  greater  ease  in  crys- 
tallization, the  separation  of  anhydrous  compounds  like  quartz  and  feld- 
spars from  a  magma  containing  gas  must  increase  the  concentration  of  the 
gases  in  the  immediate  vicinity  of  the  crystals,  and  still  further  promote 
molecular  mobility  and  ease  of  crystal  arrangement.     This  may  lead  to 

*  Iddings,  J.  P.  Seventh  Ann.  Rep.  U.  S.  Geological  Survey,  1888,  pp. 
283-287. 
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rapid  ciystallization  about  certain  points  or  spots  in  a  magma  which  may 
show  itself  in  various  ways,  the  most  characteristic  of  which,  perhaps,  is  in 
radiating  crystals  called  spherulites  which  are  described  on  page  228. 

Effects  Due  to  Rate  of  Cooling.  —  The  relation  between  rate 
of  cooling  and  the  amount  of  crystallization,  or  crystallinity, 
in  silicate  solutions  has  been  plainly  indicated.  The  faster  the 
cooling,  the  more  chance  of  preventing  crystallization  by  a  too 
rapid  increase  in  viscosity.  The  loss  of  heat  having  effect  is  that 
between  the  temperature  at  which  crystallization  may  begin 
and  that  at  which  too  great  viscosity  sets  in,  and  these  points 
vary  greatly  with  the  compounds  in  solution.  Nothing  is  known 
definitely  as  to  the  actual  rates  which  must  obtain  in  order  to 
prevent  the  crystallization  of  various  pyrogenetic  compounds 
in  rock  magmas. 

Some  idea  of  the  differences  may  be  gotten  from  experiences  in  laboratory 
work.  Thus  it  has  been  found  that  100  grams  of  liquid  anorthite  crystallizes 
completely  in  ten  minutes  to  fair-sized  crystals,  and  it  requires  quick  chill- 
ing to  prevent  its  crystallization  and  to  produce  glass.  A  mixture  of  equal 
parts  of  anorthite  and  albite  (Abj  An^)  requires  a  gradual  cooling  extending 
over  several  days  to  effect  complete  crystallization,  whereas  liquid  albite 
cannot  be  induced  to  crystallize  through  days  of  cooling  in  an  open  crucible. > 
Magmas  like  basalts  have  been  crystallized  by  two  or  three  days  of  cooling.' 

It  rarely  happens  that  rock  magmas  cool  quick  enough  to 
completely  prevent  crystallization  of  all  of  the  components. 
But  it  sometimes  occurs  in  the  formation  of  pumice  or  lava  dust 
from  wholly  liquid  magmas,  and  then  oftenest  from  those  of  the 
most  siliceous  and  feldspathic  kinds.  Most  rock  glasses  contain 
minute  crystals  in  great  numbers.  It  follows  from  what  has  been 
said  that  glassy  rocks  are  produced  oftenest  at  the  surface  of  the 
earth  where  suddenly  escaping  gases  may  chill  the  magma,  or 
where  atmospheric  currents  assist  the  cooling  of  compact  bodies 
of  lava.  They  less  frequently  are  formed  as  intruded  bodies  so 
small,  or  brought  so  suddenly  in  contact  with  cold  rocks,  that 
chilling  is  possible.  The  great  majority  of  intrusive  rocks  and 
the  greater  part  of  most  large  bodies  of  extrusive  rocks  are  com- 
pletely crystallized. 

*  Day,  A.  L.,  and  Allen,  E.  T.  Isomorphism  and  Thermal  Properties  of 
the  Feldspars.     Publ.  Carnegie  Institution,  Washington,  1905,  p.  40. 

'  Fouqu6,  F.,  and  Michel-L^vy,  A.  Synthase  des  Min^raux  et  des  Roches, 
Paris,  1882. 
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Descriptive  Terms  Applied  to  Crystallinity.^  —  A  number  of 

terms  describing  more  or  less  exactly  the  crystallinity  of  igneous 

rocks  have  been  in  use  in  petrography.     Complete  crystallinity 

is  definitely  described  as  holocrystalline,  wholly  crystalline; 

partial   crystallinity   is  expressed  by   hypocrystalline.     The 

general  idea  of  a  rock  being  more  or  less  glassy  is  expressed  by 

the  terms  vitreous  and  hyaune.     When  completely  glassy  it 

is  holohyaline;  when  partly  glassy,  hypohyaline.     When  the 

relative  amounts  of  crystalline   and   glassy  components  of  a 

rock  are  to  be  expressed  more  definitely  this  can  be  done  by 

stating  exactly  the  ratio  between  them  where  determinable,  and 

when  only  an   approximate  statement  of  the   proportions  is 

thought  sufficient  for  purposes  of  description  the  method  of 

using  fivefold  degrees  of  comparison  adopted  in  the  Quantitative 

System  of  Classification  may  be  employed.     This  results  in  the 

following  terms  which  need  no  further  comment: 

wholly  crystalline. 

extremely  crystalline 
with  some  glass. 


HOLOCBTSTALLINB, 


Hypocrtstalline 

or  HYPOHYALINE, 


PEBCRYSTALLINB, 


crystals      7 


DOCRYSTALLINE, 


HYALOCRY8TALLINB, 


DOHYALIKE, 


PERHYALINB. 


glass 

crystals 
glass 

crystals 
glass 

crystals 
glass 

crystals 
glass 


7     5   dominantiy   crystal- 
^T^3'     line. 

5     8  crystals  and  glass 

3     6^      equal  or  nearly  so. 

3     1 
<  g  >  = ,  dominantiy  glassy. 


<7' 


HOLOHYALINB, 


extremely  glassy, 
with  some  crystals. 

wholly  glassy. 


GRANULARITY 

The  size  of  crystals  developed  in  rock  magmas  depends  on 
several  factors,  chief  of  which  is  the  viscosity  of  the  solution, 
also  the  rate  of  cooling  of  the  magma,  and  the  molecular  con- 
centration of  the  substance. 

Effects  of  Viscosity.  —  The  influence  of  viscosity  is  shown 
upon  comparing  the  results  of  cooling  molten  feldspars  of  dif- 
ferent compositions.^     Anorthite,  which  is  quite  fluid  near  its 

*  Most  of  the  textural  terms  used  in  this  chapter  have  been  published  in 
an  article  on  The  Texture  of  Igneous  Rocks  by  Cross,  Iddings,  Pirsson,  and 
Washington.     Jour.  Geol.  vol.  14,  1906,  pp.  692-707. 

»  Day,  A.  L.,  and  Allen,  E.  T.     loc.  cit.  p.  40. 
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crystallizing  temperature,  upon  rapid  cooling  in  10  minutes  in  a 
particular  instance  yielded  crystals  3  to  5  mm.  thick,  while  liquid 
feldspar  with  the  composition  AbsAni,  oligoclase-andesine,  after 
two  days'  cooling  produced  microscopic  crystals  only  0.005  mm. 
thick  scattered  through  glass.  By  this  comparison  it  appears 
that  the  more  liquid  anorthite  produces  crystals  one  thousand 
times  as  thick  as  those  of  AbaAni  in  about  one-three-hundredth 
the  time.  It  is  a  general  observation  that  magmas  of  viscous, 
highly  siliceous  character  yield  rocks  often  glassy  with  micro- 
scopically minute  crystals  of  quartz  and  potash-feldspar,  when 
magmas  of  rather  liquid  character,  low  in  silica,  with  much 
calcic  feldspar,  which  have  cooled  u^der  nearly  the  same  con- 
ditions, yield  holocrystalline  rocks  with  crystals  half  a  millimeter 
thick  in  some  instances. 

Since  viscosity  is  a  specific  character  of  substances,  it  varies 
with  the  chemical  composition.  Consequently  the  size  of 
crystals  separating  from  rock  magmas  is  to  a  certain  extent 
dependent  on  the  chemical  composition  of  the  liquid  magma. 
Anything  that  promotes  the  molecular  mobility  of  the  magma 
favors  the  production  of  larger  sized  crystals  of  any  given  sub- 
stance. The  presence  of  gases,  then,  aids  the  growth  of  large 
crystals,  the  largest  of  which,  measuring  20  to  30  feet  in  length, 
occur  in  very  coarsely  crystallized  pegmatite  rocks,  generally  con- 
sidered to  have  formed  from  magmas  containing  more  than  the 
ordinary  amount  of  H2O  and  other  gases. 

Effects  Due  to  the  Rate  of  Cooling.  —  The  relation  between 
size  of  crystals  and  the  rate  of  cooling  is  seen  upon  comparing 
parts  of  the  same  body  of  magma  that  have  cooled  at  different 
rates,  though  it  is  difficult  to  eliminate  the  effects  due  to  dif- 
ferences of  viscosity  that  may  have  existed  in  any  two  cases. 
It  is  found  that  those  parts  of  a  magma  that  have  cooled  rapidly 
consist  of  smaller  crystals  than  parts  that  have  cooled  slower. 
A  definite  expression  of  the  relation  between  the  two  has  been 
attempted  by  Lane  ^  and  also  by  Queneau.'  Each  has  discussed 
the  problem  on  a  basis  of  the  theory  of  the  rate  of  diffusion  of 
heat  in  a  cooling  mass  without  convection  currents,  and  curves 

»  Lane,  A.  C.  Bulletin  Geol.  Soc.  Am.,  vol.  8,  1897,  p.  403.  Reports  Geol. 
Surv.  Michigan,  vol.  6,  Part  I.  Annual  Reports  Geol.  Surv.  Michigan, 
1903  and  1904. 

*  Queneau,  A.  L.     School  of  Mines  Quart.,  vol.  23,  1902,  pp.  181-195. 
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expressing  the  rate  of  change  of  temperature  at  diflferent  dis- 
tances from  the  margin  of  a  body  of  magma  have  been  deduced, 
and  are  shown  in  Fig.  1. 

In  this  diagram  the  ordinates  are  temperature,  the  abscissas 
are  time.  The  different  curves  correspond  to  the  rates  of  cooling 
at  different  distances  from  the  margin  of  the  mass,  the  upper 
curve  being  that  at  the  center,  the  lower  one  that  at  the  margin. 
The  ratio  and  curvatures  represent  a  special  case  but  allow  of 
some  general  conclusions,  namely:  assuming  a  notable  difference 
between  the  initial  temperature  of  the  magma  and  that  of  the 
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adjacent  rock,  or  cooling  surface,  then  at  the  margin  the  tem- 
perature drops  suddenly  at  first,  afterwards  slowly;  at  the  center 
the  temperature  is  at  first  stationary,  then  diminishes  slowly 
and  then  more  rapidly.  '  After  a  lapse  of  time  when  a  tempera- 
ture is  reached,  depending  on  the  thickness  of  the  body  of  magma 
and  its  diffusivity,  the  rate  of  cooling  at  a  given  temperature  is 
the  same  in  all  parts  of  the  body.  The  rate  of  cooling  becomes 
constant  first  at  the  center,  spreading  toward  the  margin  and 
becoming  constant  at  lower  and  lower  temperatures.  From 
this  it  may  be  concluded  that  if  a  considerable  period  of  time 
elapses  before  any  part  of  the  body  attains  the  saturation  point, 
the  rate  of  cooling  will  have  become  the  same  throughout  the 
mass  and,  other  things  being  alike,  the  grain  of  the  rock  will  not 
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vary.  There  will  be  more  variation  of  grain  the  nearer  the 
initial  temperature  is  to  the  point  of  saturation  of  the  magma 
solution,  and  the  lower  the  temperature  of  the  adjacent  rock  at 
the  time  of  eruption  of  the  magma. 

It  also  appears  from  the  equation  for  the  diffusion  of  heat  that  the  time 
of  cooling  of  a  sheet,  or  dike,  of  magma  varies  as  the  square  of  the  thickness 
of  the  sheet.  Also  the  time  required  for  a  given  drop  of  temperature  for  any 
point  varies  as  the  square  of  its  distance  from  the  mai^gin,  provided  the 
center  has  not  perceptibly  cooled.  If,  then,  the  sizes  of  the  crystals  are  pro- 
portional to  the  time  required  for  a  given  drop  of  temp>erature,  and  the  areas 
of  such  crystals  in  a  rock  section  correspond  to  their  size,  it  follows  that  the 
square  roots  of  the  areas,  their  average  diameters,  vary  directly  as  the  dis- 
tance from  the  margin,  so  far  as  their  size  is  dependent  on  the  rate  of  ooolii^ 
of  the  magma. 

Measurements  by  Queneau  of  certain  crystals  in  several  rock  bodies  at 
measured  distances  from  the  margin  showed  a  remarkable  confirmation  of 
the  relationships  just  stated.  It  is,  of  course,  necessary  to  consider  those 
crystals  only  that  have  begun  to  crystallize  after  the  magma  has  come  into 
the  position  in  which  it  solidified. 

Effects  Due  to  Molecular  Concentration.  —  The  size  of  crystals 
is  dependent  on  the  molecular  concentration,  or  amount  of  sub- 
stance in  solution,  since  the  rate  of  separation  of  solid  is  pro- 
portional to  molecular  concentration,  as  already  pointed  out. 
When  crystallization  commences  at  a  certain  number  of  points 
in  a  given  volume  of  liquid  the  greater  the  amount  of  a  sepa- 
rating substance  in  the  solution  the  greater  the  amount  of  mate- 
rial crystallized  in  a  given  time.  Thus  crystals  of  different 
substances  in  different  concentrations  in  a  rock  magma  com- 
mencing to  crystallize  at  the  same  time  will  attain  different 
sizes  in  like  times.  The  relative  sizes  of  crystals  of  different 
minerals  are  not  necessarily  indications  of  different  periods  or 
times  of  growth.  Account  must  be  taken  of  their  relative 
concentrations  in  the  magma.* 

The  size  of  crystals  depends  also  on  the  degree  of  supersatu- 
ration  taken  in  conjunction  with* the  molecular  concentration, 
for,  as  already  pointed  out,  the  number  of  centers  of  crystalli- 
zation varies  with  the  degree  of  supersaturation  for  a  given 
concentration  of  a  substance,  the  fewest  occurring  when  crystal- 
lization starts  near  the  saturation  point  in  the  metastable  con- 

»  Pirsson,  L.  V.,  Am.  Jour.  Sci.,  vol.  7,  1899,  pp.  271-280,  and  Cross,  W., 
Fourteenth  Ann.  Rep.  U.  S.  Geological  Survey,  1905,  p.  231.  • 
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dition,  the  greatest  number  when  it  starts  in  a  labile  condition. 
The  growth  of  a  few  crystals  in  a  given  volume  of  solution  must 
lead  to  larger  individuals  than  the  growth  of  many  crystals  in 
the  same  volume  of  liquid.  If  the  degree  of  supersaturation 
increases  during  crystallization,  by  reason  of  the  rate  of  cool- 
ing, the  number  of  crystals  may  increase  from  time  to  time, 
resulting  in  different  sized  crystals  of  the  same  substance  in 
some  cases;  the  largest  being  fewest  and  the  smallest  most  nume- 
rous in  most  cases. 

The  size  or  magnitude  of  crystals  composing  rocks  may  be 
considered  in  two  ways:  one  as  regards  absolute  size,  the  other 
with  respect  to  relative  sizes  of  the  crystals  in  one  rock.  The 
second  is  connected  with  the  pattern  of  the  rock,  or  its  fabric. 
The  first,  or  absolute  size  of  the  crystals  in  a  rock  may  be  con- 
sidered as  strictly  its  granularity.  When  a  rock  is  evenly 
granular,  the  crystals  nearly  all  one  size,  the  granularity,  or 
grain,  of  it  is  the  size  of  the  average-sized  crystals.  But  when 
a  rock  is  porphyritic,  that  is^  consists  of  larger  crystals  in  a 
groundmass,  or  matrix,  of  smaller  ones  there  may  be  two 
expressions  for  the  size  of  the  crystals:  one  relating  to  those 
composing  the  groundmass,  the  other  relating  to  the  larger 
crystals,  phenocrysts.  In  such  cases  it  is  customary  to  express 
the  granularity  in  terms  of  the  groundmass  crystals. 

The  sizes  of  crystals  in  igneous  rocks  range  from  those  of 
submicroscopic  crystals,  indicated  only  by  the  exhibition  of 
aggregate  polarization,  to  those  of  pegmatite  crystals  which 
may  be  measured  in  meters.  The  range  may  be  more  than 
1  :  1,000,000,  but  it  is  nearer  1  :  1,000  in  the  great  majority  of 
cases. 

Descriptive  Terms  Applied  to  Granularity.  —  But  little  attempt 
has  been  made  by  petrographers  to  describe  the  grain  of  rocks 
in  definite  quantitative  terms.  The  commoner  terms  express 
certain  general  ideas  of  magnitude  based  on  the  limit  of  vision, 
which  naturally  varies  with  individual  observers.     These  are: 

Phanerocrystalline.  —  Having  all  crystals  large  enough  to 
be  seen  with  the  unaided  eye;  that  is,  megascopically. 

Cryptocrystalline.  —  When  all  crystals  are  too  small  to 
be  seen  with  the  unaided  eye.  APHANmc  is  a  negative  term, 
stating  that  the  rock  is  not  phanericy  or  is  not  composed  of  com- 
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ponents  visible  with  the  unaided  eye.  It  does  not  state  its  degree 
of  crystallinity,  for  aphanitic  rocks  may  be  holocrystalline,  or  they 
may  be  partly  glassy. 

MiCROCRYSTALLiNE.  —  When  the  crystals  are  only  visible  with 
a  microscope.  This  term  generally  applies  to  many  rocks  that 
are  cryptocrystalline. 

MiCROCRYPTOCRYSTALLiNE.  —  When  the  crystals  are  too  small 
to  be  seen  with  a  microscope,  and  are  recognized  as  present  by 
the  exhibition  of  aggregate  polarization. 

Micro  APHANITIC.  —  When  the  crystalline  character  of  a 
microscopic  aggregation  is  in  doubt.  Such  aggregations  have 
sometimes  been  called  micropelsitic.  But  as  this  term  has 
been  variously  defined  and  used,  and  is  somewhat  ambiguous, 
it  is  better  to  replace  it  by  microaphanitic. 

The  terms  coarse-,  medium-,  and  fine-grain  are  commonly 
applied  to  phanerocrystalline  rocks  without  any  definite  sig- 
nificance. Zirkel  has  suggested  that  they  be  compared  with 
the  sizes  of  peas  and  millet  seed,  and  this  has  led  to  an  attempt 
to  give  these  terms  quantitative  values  as  follow: 

Coarse-grained  rocks,  whose  average  crystals  are  greater 
than  5  millimeters  in  diameter. 

Medium-grained  rocks,  whose  crystals  are  between  5  and  1 
millimeter. 

Fine-grained  rocks,  with  crystals  less  than  1  millimeter  in 
diameter. 

The  grain  of  rocks  may  be  described  more  definitely  by  stating  approx- 
imately the  size  of  the  crystals  in  terms  of  the  metric  system: 

Meter-grained  rocks,  having  the  average  size  of  crystals  over  one  meter. 

Decimeter-grained  rocks,  having  average-sized  crystals  from  1  to  10  deci- 
meters. 

Centimeter-grained  rocks,  with  crystals  from  1  to  10  centimeters. 

Millimeter-grained  rocks,  with  crystals  from  1  to  10  millimeters.  These 
include  mediimi-grained  rocks  and  slightly  coarse-grained  one». 

Dedniillimeter-grained  rocks,  whose  average-sized  crystals  are  from  0.1  to 
1 .0  millimeter. 

Micron-  {miUimillim^ter-)  grained  rocks,  with  crystals  from  1  to  10  microns, 
0.001  to  0.010,  millimeters. 

Rocks  belonging  to  any  one  of  these  divisions  have  a  wide 
range  of  variation  in  size  of  grain,  for  the  extremes  reach  a  ratio 
of  1  :  10  for  diameters  of  crystals,  which  is  a  ratio  of  1  :  100 
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for  areas  of  crystal  sections.  Such  differences  often  exist  between 
the  phenocrysts  and  groundmass  crystals  of  porphyritic  rocks. 
The  grains  of  rocks  that  may  be  described  by  any  one  of  the 
terms  just  noted  are  not  all  of  the  same  order  of  magnitude, 
since  one  may  be  nine  or  ten  times  larger  in  diameter  than 
another. 

Order  of  Magnitude  of  Crystals.  —  While  it  never  happens  that 
all  the  crystals  in  one  rock  are  the  same  size,  it  often  happens 
that  they  are  approximately  so,  at  least  so  far  as  concerns  the 
great  majority  of  them.  Crystals  of  approximately  the  same 
size  may  be  said  to  be  of  the  same  order  of  magnitude.  The 
latitude  of  variation  permissible  in  the  use  of  the  term  "the 
same  order  of  magnitude*'  when  applied  to  nearly  equidimen- 
sional  crystals  is  indicated  by  the  accompanying  figures  2,  3, 
and  4. 

Crystals  like  those  in  Fig.  2  whose  diameters  vary  within  the 
ratio  of  3  :  2  may  be  said  to  be  of  like  magnitude,  while  those 
with  ratios  of  2  :  1  or  3  :  1,  Figs.  3  and  4,  are  clearly  of  diflfer- 


Fia.  2. 


Fig.  3. 


Fia.  4. 


ent  magnitudes.  The  areas  of  crystal  sections  of  like  magni- 
tude for  the  limiting  ratio  of  diameters,  3  :  2,  are  as  9  :  4  or 
2.25  :  1,  and  the  volumes  as  27  :  8  or  3.37  :  1.  When  the 
crystals  of  a  rock  are  not  equidimensional,  but  have  different 
shapes,  the  basis  of  comparison  must  naturally  be  the  area 
of  cross  sections.  Consequently  such  crystals  may  be  said  to 
have  like  magnitudes  when  the  areas  of  the  crystal  sections  are 
within  the  limits  2.25  :  1. 
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The  fabric,  or  pattern,  of  a  rock  as  shown  on  a  surface,  or  in  a 
section,  is  that  factor  of  its  texture  which  is  dependent  on  the 
relative  sizes  of  its  component  crystals,  on  their  shapes  and 
arrangements  with  respect  to  one  another,  and  their  relative 
abundance  and  distribution  with  respect  to  a  glassy  portion  of 
the  rock  if  there  is  any  present.  The  significance  of  each  of 
these  factors  and  possible  causes  for  their  production  will  be 
considered  in  the  order  in  which  they  have  been  mentioned. 

Relative  Sizes  of  Crystals.  —  The  relation  between  the  size  of 
crystals  and  the  pattern,  or  fabric,  of  a  rock  depends  upon  the 
relative  sizes  of  the  component  crystals  and  not  on  their  absolute 
size,  for  the  pattern  would  be  the  same  if  it  were  enlarged  or 
diminished.  As  already  pointed  out,  the  absolute  size  may  be 
considered  the  granularity.  Owing  to  the  complexity  of  most 
rock  fabrics  it  is  advisable  to  begin  with  the  consideration  of 
somewhat  simple,  ideal  cases  in  order  to  emphasize  the  principles 
involved  in  the  production  and  discrimination  of  those  actually 
developed  in  igneous  rocks. 

With  regard  to  the  relative  sizes  of  crystals  composing  a 
holocrystalline  rock  it  may  be  said  that  two  groups  of  cases  may 
be  imagined:  (1)  one  in  which  all  the  crystals  in  a  rock  are  the 
same  size,  (2)  one  in  which  they  are  different  sizes.  But  absolute 
identity  of  size  is  never  realized  in  fact,  so  that  the  idea  of  like 
size  may  be  attached  to  cas^s  in  which  the  crystals  are  of  the 
same  order  of  magnitude.  But  even  this  condition  is  rarely 
fulfilled,  for  it  seldom  happens  that  all  crystals  in  an  igneous 
rock  are  of  like  order  of  magnitude,  as  there  are  usually  present 
some  minerals  in  small  amount  and  in  relatively  small  sized 
crystals.  So  that  this  group  of  cases  would  only  be  applicable 
to  actual  rocks  when  it  is  made  to  include  all  those  of  which  it 
may  be  said  that  the  size  of  the  great  number  of  crystals  that  give 
character  to  the  fabric  of  a  rock  are  of  the  same  order  of  magnitude. 
Such  rocks  have  been  called  equigranrdar.  The  two  groups 
would  then  be 

Equigranular  fabric,  composed  chiefly  of  crystals  of  like 
orders  of  magnitude. 

Inequigranular  fabric,  composed  chiefly  of  crystals  of  dif- 
ferent orders  of  magnitude. 
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Eqnigr&nnltLr  Fabric  —  Conditions  favorable  to  the  produc- 
tion of  equigranular  fabric  must  be  different  for  different  kinds 
of  magmas.  Thus,  if  the  magma  consisted  of  only  one  com- 
ponent, a  uniform  rate  of  crystallization  should  prevail,  either  in 
a  metastable  condition  or  in  a  labile  one.  Crystallization 
starting  at  uniformly  distributed  points  should  continue  at  these 
centers  until  the  whole  magma  is  solidified.  If  the  magma  con- 
sisted of  two  components,  then  when  these  are  in  equal  amounts, 
crystallization  should  take  place  at  equally  spaced  points  and 
continue  at  these  centers  until  solidification  of  the  magma  is 
complete.  When  the  amounts  of  the  two  components  are  not 
alike,  as  when  one  is  three  times  the  other,  in  order  that  they 
start  to  crystallize  from  equally  spaced  points  in  a  magma  it 
would  seem  that  they  should  commence  at  equal  degrees  of 
supersaturation  and  crystallize  at  similar  rates,  or  without  such 
increase  of  supersaturation  as  would  induce  separation  from  new 
points  in  the  liquid.  These  conditions  probably  obtain  in 
eutectic  mixtures  that  have  reached  the  labile  stage  of  super- 
saturation.  For  if  crystallization  begins  when  the  two  com- 
ponents are  at  different  degrees  of  supersaturation,  especially  in 
the  metastable  condition,  they  will  probably  crystallize  at 
different  rates,  and  differently  sized  crystals  may  result.  When 
the  mixture  is  not  eutectic  in  its  proportions,  and  the  rate  of 
crystallization  varies  for  the  different  components,  and  takes 
place  from  constantly  increasing  numbers  of  points,  there  can 
be  no  uniformity  in  the  size  of  the  crystals.  The  same  is  true 
for  mixtures  of  more  than  two  components. 

When  small  amounts  of  any  compoimds  are  present,  such  as  apatite, 
zircon,  allanite,  their  crystals  are  usually  correspondingly  small  in  size,  and 
they  produce  little  effect  on  the  appearance  of  the  fabric  of  a  rock.  They 
may  be  considered  in  such  cases  as  negligible  factors  in  the  characterization, 
or  the  definition,  of  the  fabric,  the  more  so  since  they  often  appear  to  lie 
within  laiger  ciystals  and  thus  to  play  the  role  of  inclusions. 

The  use  of  the  term,  equigranular ^  or  even  grained^  is  not  commonly  so 
definite  as  the  definition  here  given  would  necessitate.  It  is  often  applied 
to  rocks  that  are  inequigranular,  but  in  which  there  is  a  certain  amount  of 
uniformity  of  appearance  due  to  a  regular  recurrence  of  crystals  of  different 
sizes  in  a  pattern  not  sufficiently  pronounced  as  to  difference  of  sizes  as  to 
be  called. porphyri tic. 
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Inequlgrannl&r  Fabric.  — Inequigranular  fabrics  vary  greatly 
in  character,  or  pattern,  through  gradual  transitions  from  one 
type  to  another.  Reduced  to  elemental  terms  they  may  be 
classed  as  follows: 

1.  Seriate,  those  in  which  the  sizes  of  crystals  vary  gradually, 
or  in  a  continuous  series. 

2.  Hiatal,  those  in  which  the  sizes  are  not  in  continuous 
series,  but  in  a  broken  series,  with  hiatuses,  or  where  two  or 
more  sizes  are  noticeably  different  from  one  another. 

The  latter,  being  the  more  distinctive  fabrics,  have  been  the 
first  noted  and  designated  by  definite  names.  Seriate  fabrics  are 
intermediate  in  character  between  hiatal  and  equigranular. 

1.  Seriate  fabrics  so  far  as  they  depend  on  series  of  sizes  and 
relative  numbers  of  diflferent  sized  crystals  possess  two  elements 


Fig.  5.  Seriate  Homeoid  Fabric. 


Fig.  6.  Seriate  Porphtroid  Fabric. 


of  variation,  (a)  ranges  in  size,  between  narrow  limits,  or  widely 
remote  limits;  and  (6)  ranges  in  numbers  of  crystals  of  each  size. 
Thus  (a')  the  crystals  may  not  be  very  different  in  size,  possibly 
within  two  orders  of  magnitude.  In  this  case  the  fabric  is  not 
very  different  from  equigranular.  Or  (a^)  the  crystals  may 
differ  greatly  in  size,  the  result  being  a  variety  of  porphyritic 
fabric.  As  to  the  relative  abundance  of  different  sized  crystals, 
(6')  they  may  be  nearly  the  same;  or  (6")  they  may  be  quite 
different,  in  which  case  the  more  numerous  are  usually  the 
smaller.  Examples  of  these  four  cases  of  seriate  fabric  are 
shown  in  Figs.  5,  6,  7  and  8. 

The  first  case,  a'6'.  Fig.  5,  with  small  range  of  sizes  and  nearly 


SERIATE  FABRIC 


197 


equal  numbers  of  different  sized  crystals  may  be  called  seriate 
HOMEOiD  fabric,  owing  to  its  approach  to  equigranular  fabric. 

The  second,  a'b",  Fig.  6,  with  small  range  of  sizes  and  quite 
different  numbers  of  different  sized  crystals  may  be  called 
SERIATE  PORPBYROID  fabfic,  on  account  of  its  approach  to 
porphyritic  fabric. 

The  third,  a'b',  Fig.  7,  with  wide  range  of  sizes  and  nearly 
equal  numbers  of  each  sized  crystal  may  be  called  seriate 


Fig.  7.  Seriate  Intbrseiital  Fabric.      Fio.  8.  Seriate  PoRPBtRmc  Fabric. 


INTERSERTAL  fabric,  the  term  intersertal  indicating  that  the 
interstices  between  the  larger  crystals  are  filled  with  small  ones. 
The  fourth,  a"6",  Fig.  8,  with  wide  range  of  sizes  and  marked 
differences  in  numbers  may  be  called  seriate  porphyritic 
fabric. 

Ck>DditioDB  favorable  to  the  productioo  of  seriate  fabric  are  those  which 
permit  the  growth  of  crystals  at  differeht  rates,  or  to  different  siEea,  and  also 
from  succeBsively  increasing  numbers  of  points.  Several  kinds  of  cases  arise. 
In  one  set  the  crystals  may  all  be  of  one  substance;  in  others  they  may  be 
of  diffei«Dt  substances. 

The  production  of  serially  differeot  siaed  crystals  of  the  same  compound 
involves  a  gisdual  increase  in  the  degree  of  supeisaturation  during  the  crys- 
tallization whereby  the  numbera  of  points  of  separation  of  solid  from 
liquid  steadily  increase.  The  rate  of  increase  may  be  very  slight  as  in  case 
a'b'.  Fig.  5,  or  more  rapid  as  in  a'h".  Fig.  6.  The  rate  of  crystallization  in 
these  cases  roust  be  relatively  slower  than  in  the  next  two,  in  which,  in  case 
a"b'.  Fig.  7,  the  rate  of  crystallization  must  have  been  faster  than  the  rate 
of  increase  in  supersatu  ration.  In  case  a"b".  Fig.  8,  both  crystallization 
and  increase  in  sitperattiration  must  be  faster  than  in  the  preceding  cases. 
Increasing  supcrsatu ration  in  rock  magmas  goes  hand  in  hand  with  inctease 
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in  viscosity,  which  induces  crystallization  of  more  numerouB  and   smaller 
ciystals. 

When  more  than  one  substance  crystallizes  from  a  magma,  the  relative 
amounts,  or  concentration,  of  each  substance,  together  with  its  solubility 
in  the  others,  affect  the  rate  of  crystallization  and  the  size  of  the  crystals. 
It  frequently  happens  that  the  lai^  crystals  are  of  one  kind  of  mineral,  the 
small  ones  of  other  kinds.  A  more  definite  statement  may  be  made  in  the 
case  of  specific  igneous  rocks. 

The  cases  of  seriate  fabric  so  far  discussed  have  been  those  in 
which  successive  growths  of  crystals  are  smaller  than  earlier 
ones,  so  that  smaller  crystals  occur  outside  and  adjacent  to  larger 
ones.  There  are  cases  also  in  which  younger  crystals  growing 
larger  than  older  ones  inclose  the  smaller  ones.  This  involves 
the  cessation  of  crystallization  of  the  older  ones  before  they  can 
be  inclosed  by  the  younger.  This  does  not  happen  with  the 
crystallization  of  one  substance,  for  when  small  crystals  of  any 
substance  are  present  in  a  solution  they  behave  as  nuclei,  upon 
which  more  of  the  same  substance  will  crystallize  in  continuous 
parallel  crystallographic  orientation,  even  when  crystallization 
is  taking  place  from  many  new  points  of  separation.  So  that  one 
never  finds  small  crystals  of  quartz  in  various  positions  sur- 
rounded by  a  larger  quartz  crystal.  The  same  is  true  of  all  other 
minerals  when  strict  regard  is  paid  to  their  chemical  composi- 
tion. From  the  foregoing  it  is  seen  that  crystals  may  be  in 
jiLXtaposUion,  or  their  relation  may  be  one  of  intraposition.  Both 
kinds  of  relative  positions  may  occur  in  one  rock. 

Most  cases  of  intraposition  occur  with  hiatal  fabric,  and 
instances  of  seriate  intrapositions  are  rare.  They  must  occur 
when  the  first  substances  to  separate  form  small  crystals,  because 
they  are  less  soluble  and  in  relatively  small  amounts,  or  because 
they  separated  with  a  higher  degree  of  supersaturation,  than 
those  substances  crystallizing  later.  The  resulting  fabric  ia 
seriate  poihilitic,  which  will  be  understood  when  hiatal  poikilitic 
fabric  is  described. 

2.  Hiatal  fabrics  being  those  in  which  variations  in  the  sizes  of 
crystals  are  not  in  continuous  series,  but  in  broken  series  with 
hiatuses,  it  follows  that  the  most  characteristic  feature  of  such 
fabrics  is  the  marked  contrast  between  the  sizes  of  some  of  the 
crystals.  The  most  familiar  examples  of  hiatal  fabrics  are  those 
of  porphyritic  rocks,  in  which  certain  larger  sized  crystals  appear 
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in  marked  contrast  to  others  that  form  a  groundmass  or  matrix. 
Another  variety  of  hiatal  fabric  is  that  of  poikilitic  rocks,  in  which 
the  matrix  consists  of  relatively  large  crystals  carrying  smaller 
crystals  as  inclusions.  These  two  varieties  will  be  discussed 
separately. 

PoRPHYRiTic  FABRIC  is  onc  in  which  a  groundmass  of  crys- 
tals or  glass  carries  scattered  through  it  crystals  of  noticeably 
larger  size.  The  larger  and  more  apparent  crystals  are  called 
PHENOCRYSTS.  Their  actual  size  may  be  anything  from  mega- 
scopic to  microscopic  dimensions.  The  sizes  and  the  relative 
proportions  between  phenocrysts  and  groundmass  constitute  the 
essential  quantitative  factors  of  porphyritic  fabric. 

Relative  amounts  of  phenocrysts  and  groundmass  vary  greatly 
in  different  cases,  from  those  in  which  the  rock  is  almost  wholly 
groundmass  with  very  few  phenocrysts  to  rocks  in  which  there 
is  very  little  groundmass  between  abundant  phenocrysts. 
Different  degrees  of  abundance  may  be  expressed  as  in  the  quan- 
titative system  by  using  the  French  word  pdte  =  paste,  for 
groundmass,  and  the  word  sem^  =  sown,  or  sprinkled,  for  phen- 
ocrysts. Five  degrees  of  comparison  may  be  recognized  as 
follows : 

Perpatic,         '  >  Y»         extremely  rich  in  groundmass. 

DopATic,    ^^-^  <  T  >  771  groundmass  dominant, 
ph.       1      .{ 

Sbmpatic,  ^'    '  <  T.>  K»  groundmass  and  phenocrysts  equal  or  nearly  equal, 
pn.       o      o 

DosEMic,  '  <  e  >  7 1  phenocrysts  dominant. 

Persemic,  ^'    '  <  =1        extremely  rich  in  phenocrysts. 

Illustrations  of  each  of  these  degrees  of  porphyricity  are  given 
in  Figs.  9,  10,  11,  12,  and  13,  in  which  the  proportions  of  ground- 
mass  to  phenocrysts  are  respectively  9  to  1,  4  to  1,  1  to  1,  about 
3  to  5,  and  about  1  to  8. 

Sizes  of  phenocrysts  may  be  taken  into  account  in  several  ways. 
The  crystals  may  be  large  enough  to  be  seen  megascopically,  or 
they  may  be  microscopic.  The  first  may  be  called  megapheno- 
CRYSTS,  the  second  microphenocrysts.  In  the  first  case  the 
rock  may  be  said  to  be  megaphyric;  in  the  second,  microphyric. 
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In  megaphyric  rocks  the  phenocrysts  may  be  large  or  small  in 
the  same  manner  that  equigranular  rocks  may  be  coarse,  medium, 
or  fine  grained.     Adopting  similar  standards  of  sizes  for  mega- 
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Fig,  13.    Persemic. 


phenocrysts  as  those  used  to  describe  coarse-,  medium-,  and  fine- 
grained rocks,  there  are: 

Magnophyric,  coarsely  porphyritic,  rocks,  whose  phenocrysts 
are  greater  than  5  mm.  in  longest  diameter. 

Mediophyric,  moderately  porphyritic,  rocks,  with  phenocrysts 
between  5  mm.  and  1  mm.  in  longest  diameter. 

MiNOPHYRic,  minutely  porphyritic,  rocks,  with  phenocrysts 
whose  longest  diameters  are  between  1  mm.  and  0.2  mm. 

In  microphyric  rocks  corresponding  terms  for  different  sized  phenocrysts 
may  be  employed  by  changing  the  o  to  i,  and  reducing  the  limits  of  sizes 
as  follows: 

Magniphyric  rocks,  with  phenocrysts  having  longest  diametere  between 
0.2  mm.  and  0.04  mm. 
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Mediiphyric  rocks,  with  phenociysto  having  longest  diameters  between 
0.04  mm.  and  0.008  mm. 

Miniphyric  rocks,  with  phenocrysts  having  longest  diameters  less  than 
0.008  mm. 

Such  minute  phenocrysts  are  microlites  in  a  groundmass  of  glass.  In 
fact  such  microphyric  glasses  often  are  groundmasses  of  megaphyric  rocks. 
And  it  may  be  stated  in  this  connectioxk  that  the  groundmass  of  a  porphyritic 
rock  may  possess  any  kind  of  fabric,  including  porphyritic. 

With  regard  to  the  relative  sizes  of  phenocrysts  in  one  rock, 
they  may  be  all  of  like  order  of  magnitude,  or  of  different  orders 
of  magnitude. 

In  all  of  the  foregoing  varieties  of  hiatal  fabric  crystallization 
might  have  ceased  before  the  last  of  the  magma  solidified  to  glass 
without  affecting  the  general  character  of  the  pattern.  Small 
portions  of  glass  might  fill  interstices  between  rather  large  crys- 
tals, or  might  be  a  matrix  for  innumerable  small  crystals  in  a 
seriate  porphyry.  Such  fabrics  are  well  known  in  igneous  rocks. 
They  may  be  described  as  different  from  holocrystalline  varie- 
ties, by  prefixing  the  term  hyaline  to  the  name  of  the  fabric, 
as  hyaline  seriate  intersertal  fabric,  or  if  it  contains  less  than 
one-seventh  as  much  glass  as  crystals  it  may  be  described  as  a 
percrystalline  seriate  intersertal  fabric. 

The  groundmass  of  a  porphyry  may  be  of  any  degree  of  crys- 
tallinity,  or  of  any  granularity.  It  may  possess  any  texture 
which  may  characterize  a  rock  as  a  whole.  It  may  itself  be  por- 
phyritic. Several  general  terms  have  been  applied  to  porphy- 
ries to  denote  the  crystallinity  of  the  groundmass: 

ViTROPHYRE,  a  porphyry  with  megascopically  glassy  ground- 
mass.     The  texture  may  be  called  vitrophyric  or  vitropatic. 

Felsophyre,  a  porphyry  with  megascopically  aphanitic 
groundmass.     The  texture  would  be  felsophyric  or  aphano- 

PHYRIC. 

Granophyre,  according  to  Vogelsang  (1867)  a  porphyry  with 
njpgascopically  granular  groundmass.  Such  a  texture  would  be 
GRANOPHYRic  or  GRANOPATic.  The  tcxture  which  Rosenbusch 
has  called  granophyric  is  here  called  graphophyric,  and  is  described 
on  page  207. 

Conditions  favorable  to  the  production  of  hiatal  porphyritic  fabrics  are 
cleariy  such  as  cause  sudden  changes  in  the  rate  of  crystallization,  and  most 
frequently  are  sudden  changes  of  temperature,  or  sudden   loss  of   gases. 
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Thus  in  a  liquid  of  one  component  if  crystallization  was  proceeding  in  a 
metastable  condition  from  comparatively  few  centers,  it  would  require  a 
sudden  or  very  rapid  fall  in  temperature  to  produce  a  much  higher  degree 
of  supersatu ration,  possibly  the  labile  condition,  and  to  induce  crystalliza- 
tion of  the  same  substance  from  many  more  points  than  those  at  which 
crystallization  was  already  taking  place.  It  might,  however,  happen  by 
slower  change  of  temperature  if  it  were  sufficiently  rapid  to  raise  the  super- 
saturation  from  the  metastable  to  the  labile  condition,  provided  it  did  not 
bring  about  a  seriate  fabric,  as  already  explained. 

If  the  liquid  has  more  than  one  component  it  may  happen  that  one  sub- 
stance is  separating  in  comparatively  large  crystals  in  a  metastable  con- 
dition while  others  remain  in  solution  until  they  reach  a  labile  condition, 
when  they  separate  suddenly  at  innumerable  points  as  comparatively  small 
crystals,  forming  a  groundmass.    This  is  probably  the  commonest  case. 

Cases  occur  in  which  innumerable  small  crystals  of  one  or  more  sub- 
stances first  form  in  a  labile,  or  highly  supersaturated,  condition  of  these 
substances,  and  are  followed  by  the  production  of  large  crystals,  pheno- 
crysts,  of  another  substance  which  form  in  a  metastable  condition.  An 
example  is  furnished  by  a  porphyry  in  which  ^microscopic  crystals  of  pyrox- 
ene and  magnetite  constitute  much  of  the  groundmass  and  fill  phenocrysts 
of  limensoda-feldspar  as  inclusions,  but  those  inclosed  in  the  feldspar  pheno- 
crysts are  not  so  laige  as  those  in  the  groundmass,  showing  that  the  latter 
continued  to  grow  after  the  others  stopped  because  of  interference  by  the 
growing  feldspar  phenocrysts. 

A  porphyritic  fabric  may  also  be  produced  by  the  larger  growth  of  crystals 
of  those  substances  which  are  present  in  largest  amount  in  the  solution,  as 
already  pointed  out  (page  190).  So  that  of  several  kinds  of  minerals 
crystallizing  at  one  time  at  different  points  that  which  is  most  abundant  in 
solution  may  form  comparatively  laige  crystals  which  appear  as  pheno- 
crysts among  smaller  ones  of  other  minerals. 

PoiKiLiTic  fabric  is  one  in  which  relatively  large  crystals 
act  as  matrix  for  numerous  small  ones  of  other  minerals,  the 
smaller  crystals  lying  in  all  orientations  with  respect  to  one 
another  and  somewhat  uniformly  scattered.  It  is  not  custom- 
ary to  apply  the  term  to  cases  in  which  large  crystals  contain 
extremely  minute  mineral  inclusions  or  to  those  in  which  occa- 
sional inclusions  of  considerable  size  occur  irregularly  in  a  larger 
crystal.  The  two  quantitative  factors  involved  in  poikilitic 
fabric  are  the  relative  amounts  of  matrix  crystal  and  of  inclosed 
crystals  and  the  relative  sizes  of  the  inclosed  crystals.  The 
matrix  crystal,  or  host,  has  been  called  the  oikocryst;  the 
inclosed  crystals  may  be  called   chadacrysts,^  from   x^^y  ^^® 

»  In  the  paper  on  "  The  Texture  of  Igneous  Rocks,"  these  crystals  were 
called  xenocrysts,  but  this  term  had  been  used  by  SoUas  previously  for  crystals 
inclosed  in  igneous  magmas  as  the  result  of  partial  solution  of  other  rocks. 
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root  of  xavd&vw,  to  hold  or  contain;  that  is,  crystals  contained 
in  the  oikocryst,  or  house-crystal. 

All  proportions  between  the  amount  of  oikocryst  and  of 
inclosed  crystals  may  exist  in  different  instances.  In  some 
cases  the  matrix  crystal  constitutes  only  a  slight  interstitial 
cement  between  the  inclosed  crystals  which  then  form  the  great 
part  of  the  rock.  In  others  the  oikocrysts  form  most  of  the 
rock,  the  chadacrysts  being  quite  subordinate.  Relative  amounts 
of  the  two  parts  may  be  expressed  by  the  following  fivefold 
method: 

Peroikic,      ^    ^         ^  >  T »  •      oikocryst  extremely  abundant. 
'    chadacryst     j'  '  -^ 

DoMoiKic,  -;— ^ — - — <  T>  «»  oikocryst  dominant, 
chadacryst      13 

Chadoikic,  —  ^  Q  ^  A  *  oikocryst  and  chadacrysts  equal  or  nearly  equal. 

DocHADic,     .    ^         ^  <  ?  >  s »  chadacrysts  dominant, 
chadacryst     5     7' 

Perchadic,   ^  ^      —  <  =,         chadacrysts  extremely  abundant, 
chadacryst     7 

The  size  of  the  inclosed  crystals  as  compared  with  that  of  the 
matrix  crystals  may  be  described  as  relatively  large,  medium,  or 
small,  and  these  expressions  may  be  defined  in  terms  of  the 
average  diameters  of  the  chadacrysts  and  that  of  the  oikocryst. 

Large  chadacrysts  are  those  whose  average  diameters  are 
greater  than  one-eighth  the  average  diameter  of  the  oikocryst. 
Fig.  14. 

Medium-sized  chadacrysts  are  those  whose  average  diameters 
are  between  one-eighth  and  one-twelfth  that  of  the  oikocryst, 
Fig.  15. 

SmaU  chadacrysts  are  those  having  average  diameters  less 
than  one-twelfth  that  of  the  oikocryst,  Fig.  16. 

Inclosed  crystals  may  be  all  of  the  same  order  of  magnitude, 
or  of  different  orders.  Poikilitic  fabric  may  be  megascopic  or 
microscopic.  And  if  it  constitutes  the  whole  rock  the  granu- 
larity of  the  rock  should  be  expressed  in  terms  of  the  size  of  the 
oikocrysts  and  not  of  the  inclosed  crystals. 

•  Conditions  favorable  to  the  production  of  poikilitic  fabric  are  those  which 
permit  the  separation  of  all  or  nearly  all  the  components  of  a  solution 
but  one  which  ciystallizes  last,  and  alone.     It  cannot  be  produced  from  a 
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liquid  of  one  compound,  since  the  oikocryst  and  inclosed  crystals  can  never 
be  the  same  substance,  as  already  explained.  The  last  crystallization  does 
not  appear  to  be  a  eutectic  mixture,  but  a  single  substance,  simple  or  com- 
plex. Thus  quartz  may  be  the  matrix  for  Ume-soda-feldspars,  almost  never 
for  potash-feldspar.  Orthoclase  may  be  the  matrix  for  other  feldspars 
and  ferromagnesian  minerals.  Pyroxene  may  be  the  matrix  for  lime- 
soda-feldspars,  and  hornblende  may  be  the  matrix  for  lime-sodarfeldspars, 
pyroxenes,  and  olivine.     The  separation  of  these  compounds  from  different 
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solutions  leaving  one  compound  in  liquid  form  may  be  only  an  apparent  case 
of  complete  separation  of  these  compounds,  for  whatever  of  them  may  be  in 
the  final  solution  may  crystallize  upon  the  surface  of  the  previously  separated 
compounds  of  the  same  kind  leaving  the  matrix-forming  compound  to 
crystallize  in  pure  ciystal.  And  since  the  individual  oikocrysts  are  relatively 
large  they  must  have  formed  about  comparatively  few  points,  and  therefore 
at  a  low  degree  of  supersaturation.  This  may  have  been  favored  by  a  low- 
ering of  the  rate  of  cooling  due  to  liberation  of  heat  of  fusion  upon  the  separa- 
tion of  the  earlier  crystals,  and  also  to  an  increase  of  gaseous  components  in 
the  remaining  liquid  due  to  the  solidification  of  the  first  part  as  anhydrous 
compounds. 

Shapes  of  Crystals.  —  The  shapes  of  crystals  are  most  dis- 
tinctive features  of  the  fabric  of  rocks,  for  it  is  evident  that  the 
character  of  a  mosaic  pattern  depends  largely  on  the  shapes  of 
its  component  parts,  though  of  course  the  arrangement  of  the 
parts  is  another  important  factor.  In  order  to  discuss  prop- 
erly the  relation  between  fabric  and  shapes  of  crystals  it  is  neces- 
sary to  consider  some  of  the  terms  by  which  the  shapes  may  be 
described,  as  well  as  the  significance  of  the  shapes  as  regards 
the  act  of  crystallization. 
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General  Terms.  —  The  shapes  of  crystals  may  be  described 
in  terms  of  their  surface  features,  their  bounding  surfaces,  or 
their  outline  in  sections,  and  also  in  terms  of  their  relative 
dimensions.  In  the  first  instance  they  may  be  described  in  a 
general  manner  as  possessing  crystallographic  plane  surfaces  or 
not,  by  such  terms  as  the  following: 

EuHEDRAL,  well  faced,  completely  bounded  by  crystal  planes; 
equivalent  to  automorphic^  and  idiomorphicJ^ 

SuBHEDRAL,  partially  faced,  partly  bounded  by  crystal  planes; 
hy pantomorphic,^  hypidiomorphic? 

Anhedral,  not  faced,  without  crystal  planes;  xenomorphic,^ 
allotriomorphic? 

In  order  that  a  pyrogenetic  crystal  may  develop  plane,  crys- 
tallographic, faces  on  all  sides  it  must  form  freely  in  a  liquid 
without  interference.  If  it  grows  against  another  solid,  its 
surface  will  be  conditioned  by  that  of  the  adjacent  solid,  and 
will  not  be  its  own,  proper,  crystal  surface.  The  interfering 
solid  may  be  a  finished,  or  a  growing,  crystal,  of  different  min- 
eral or  of  the  same  composition.  Two  crystals  of  the  same 
kind  of  mineral  may  grow  against  each  other  and  prevent  the 
development  of  proper  crystallographic  plane  surfaces.  They 
may  become  subhedral  if  not  interfered  with  on  all  sides.  If 
they  are  so  hampered  they  become  anhedral. 

But  it  does  not  follow  that  crystals  that  are  not  completely 
bounded  by  crystal  faces  have  grown  against  solids,  or  origi- 
nally possessed  such  faces  and  subsequently  lost  them,  though 
this  may  happen  in  some  instances.  Nor  does  it  follow  that 
curved,  or  rounded,  surfaces  develop  only  through  solution  of 
plane-faced  crystals.  There  may  be  interference  with  the  regu- 
lar development  of  crystal  faces  and  plane  surfaces  due  to 
irregularities  of  diffusion  of  crystallizing  molecules  and  also  to 
the  viscosity  of  the  liquid.  These  will  be  described  more  fully 
later  on.  With  regard  to  their  dimensions  the  shapes  of  crystals 
may  be: 

Equant,  equidimensional,  or  nearly  so.  More  specifically 
described,  they  may  be  cuboidal,  polyhedral,  spheroidal,  or 
irregularly  anhedral. 

*  Rohrbach,  Tscher.  min.  petr.  Mitth.,  vol.  7,  p.  18,  1886. 
'  RosenbuBch,  Mikro.  Phys.  Mass.  Gest.,  p.  11,  1887. 
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Tabular,  in  plates  or  tables,  when  two  dimensions  are 
relatively  large  as  compared  with  the  third.  Such  crystals  may 
be  described  as  plates,  tables,  disks,  folia,  scales. 

Prismoid,  in  prisms,  when  two  dimensions  are  relatively 
small  as  compared  with  the  third,  or  longest  dimension.  More 
specifically,  prismoid  shapes  may  be  described  as  elongated 
parallelopipedons,  lath-shaped  blades,  prisms,  spindles,  fibers. 

Irregular,  having  shapes  which  cannot  be  referred  to  any 
of  the  foregoing  kinds. 

As  regards  the  shapes  of  crystals  composing  a  rock  two  gen- 
eral cases  may  be  distinguished : 

Equiporm,  when  all  or  nearly  all  the  crystals  have  the  same 
shape,  as  in  most  rocks  composed  of  one  kind  of  mineral. 

Multiform,  when  the  component  crystals  of  a  rock  have 
different  shapes,  which  is  the  usual  case  when  there  are  "several 
kinds  of  minerals  present. 

Shapes  of  Specific  Minerals.  —  The  shapes  of  crystals  in 
igneous  rocks  are  closely  related  to  the  habits  of  the  particular 
mineral  crystal  as  it  develops  under  different  conditions  of 
viscosity  of  the  liquid  magma  and  under  different  environment 
of  other  crystals.  This  relationship  will  be  pointed  out  for  the 
principal  pyrogenetic  minerals,  since  the  shapes  of  the  prepon- 
derant  crystals  give  character  to  the  fabric  of  rocks. 

Quartz  commonly  crystallizes  from  igneous  magmas  in  nearly 
equidimensional  crystals,  which  when  euhedral  are  bounded  by 
plus  and  minus  unit  rhombohedrons  resembling  hexagonal 
bipyramids,  Fig.  17.  Sometimes  with  very  short  hexagonal 
prism  faces  of  the  first  order  (1010).  In  rare  instances  quartz 
phenocrysts  in  some  porphyries  have  a  prismatic  habit,  but  the 
prisms  are  short  in  these  cases.  Sections  of  quartz  crystals  are 
commonly  hexagonal  or  nearly  square  rhombs,  Fig.  18.  Sub- 
hedral  and  anhedral  crystals  may  then  be  nearly  equidimen- 
sional or  equant.  Fig.  19.  But  irregularly  shaped  outlines  are 
common  owing  to  interference  by  adjacent  crystals  and  to 
embayments  of  magma  which  must  have  been  quite  viscous 
when  partially  inclosed  by  the  quartz,  Fig.  21,  p.  332. 

Equant  crystals  of  quartz  form  not  only  under  conditions 
permitting  the  growth  of  large  phenocrysts  and  small  ones, 
but  also   under  those  that   cause   the   production   of   minute, 
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microscopic  crystals  in  rock  glasses,  obsidian.  They  appear  to 
develop  under  conditions  of  different  viscosity  of  the  magma 
and  of  different  rates  of  cooling.  They  are  found  in  coarse- 
grained holocrystalline  rocks^  and  in  highly  glassy  ones,  as  just 
said.     Very  commonly,  then,  abundant  quartz  in  an  igneous 


Fio.  17.  Fig.  18.  Fig.  19. 

rock  leads  to  abundant  equant  crystals  affecting  to  a  greater  or 
less  extent  the  fabric. 

When,  however,  quartz  crystallizes  at  the  same  time  with 
other  minerals  in  a  metastable  state,  especially  when  it  is  crystal- 
lizing about  a  nucleal  crystal,  it  may  form  irregularly  anhedral 
or  subhedral  crystals  that  are  intergrown  with  whatever  other 
mineral  is  separating  at  the  same  time  and  in  the  same  spot  in 
the  magma.  The  commonest  mineral  with  which  quartz  may 
intergrow  in  this  manner  is  potash-feldspar,  less  often  sodic 
feldspars,  and  still  less  frequently  ferromagnesian  minerals, 
such  as  garnet,  tourmaline,  mica,  etc.  Owing  to  the  peculiar 
pattern  exhibited  by  some  quartzes  in  feldspars,  which  suggests 
cuniform  inscriptions,  dominant  lines  intersecting  at  60  degrees, 
this  intergrowth  has  been  called  graphic,  Fig.  20,  resulting  in 
GRAPHIC  FABRIC.  It  has  also  been  called  pegmatitic,  and  when 
very  fine-grained,  usually  microscopic,  it  has  been  called  grano- 
phyric.  But  these  terms  are  less  appropriate  and  have  con- 
notive  significances  which  are  objectionable,  and  should  be 
avoided  for  this  mode  of  intergrowth.  When  microscopic,  the 
fabric  is  micrographic.  In  section  it  assumes  many  types  of 
shapes,  one  of  which  is  shown  in  Fig.  21. 

In  general  the  form  of  the  quartzes  is  anhedral,  often  curved  and  rounded, 
and  usually  elongated,  rodlike,  or  prismoid.  However,  the  axis  of  the 
prismoids  is  not  the  crystallographic  prism  axis,  c,  but  appears  to  be 
determined  by  the  direction  in  which  quartz  material  reached  the  growing 
ciystal.    This  is  shown  by  Fig.  22,  representing  a  section  of  feldspar  and 
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Pia.  20.    Graphic  Fabric  (Mbbbili.,  National  Mdseuh). 


Fio.  21.    MicROGRAPHic  Fabric  (Uerrill,  National  MnsEUif). 


GRAPHIC  FABRIC  209 

intergrown  quart*  troin  a  porphyry  from  Eureka,  Nev.'  In  this,  which 
is  typical  of  many  cases,  it  appears  that  the  direction  of  the  quartz  rods,  or 
prismoida,  is  normal  to  surfaceB  of  the  feldspar  crystal,  and  the  direction  of 
the  c  axis  in  the  quartz  is  inclined  to  the  long  axis  of  the  prismoids. 

A  distinguishing  feature  of  graphic  intergrowths  is  that  neighboring 
quartz  prismoids  have  exactly  the  same  CTTStallographic  molecular  orien- 
tation which  is  shown  by  the  optical  parallelism  of  neighboring  quarties. 
Tbifl  must  result  from  actual  connection  of  all  such  parts  with  one  another, 
or  from  some  orienting  influence  exerted  on  the  apparently  disconnected 


Fia.  22.    Graphic  iNTERaRowm  of  Quartz  and  Feldspar. 

crystals  by  the  inclowng  crystal,  or  there  must  be  some  orienting  influence 
extending  from  one  ciystal  of  quartz  to  another  through  an  appreciable 
distance  in  the  liquid  magma.  All  such  parallelly  oriented  crystals  may  be 
looked  upon  as  a,  single  crystal  individual,  which,  if  the  intervening,  inclosing, 
feldspar  were  removed,  would  appear  as  a  more  or  less  branching,  coral- 
like  structure,  not  made  up  of  aggregated  crystals,  but  as  a  single  crystal 
intricately  carved  out.  It  is  not  certain,  however,  that  all  parallelly  oriented 
parts  are  actually  connected  with  each  other.  And  it  is  certain  that  there 
is  no  fixed  crystallographic  relation  between  the  quartz  and  the  inclosing 
feldspars,  tor  one  crystal  of  feldspar  in  some  instances  contains  more  than 
one  group  of  quartzes,  and  no  constant  relation  of  positions  of  the  two  min- 
erals has  been  observed. 

'   Mon.  20,  U-  S.  Geological  Survey,  App.  B,  1892,  p.  375. 
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The  frequent  occurrence  of  curved,  or  rounded,  shapes  of 
quartz  crystals  in  graphic  fabrics  and  the  similar  rounded 
shapes  of  crystals  of  metals  in  alloys  with  like  graphic  (eutectic) 
fabric  is  to  be  noted  as  well  established  examples  of  rounded 
crystals  that  have  grown  with  such  forms  in  the  first  instance, 
and  have  not  grown  as  euhedral  crystals  that  afterwards 
became  round  by  solution  in  the  magma  before  its  complete 
solidification. 

The  development  of  graphic  fabric  upon  the  simultaneous 
crystallization  of  the  components  of  eutectic  mixtures  in  alloys  * 
has  led  to  the  name  of  eutectic  fabric,  and  to  the  assumption 
that  graphic  fabric  is  an  indication  of  the  simultaneous  crystal- 
lization of  components  in  eutectic  proportions  in  rock  magmas. 
It  certainly  is  an  indication  of  simultaneous  crystallization,  but  . 
so  is  also  the  mutual  interference  of  adjacent  anhedral  crys- 
tals. And  such  a  granular  fabric  frequently  results  from  the 
solidification  of  eutectic  mixtures,  as  noted  by  Miers,'  Day  and 
Wright,'  and  as  observed  in  igneous  rocks;  for  rocks  having 
the  same  composition  as  those  with  graphic  fabric  often  have 
consertal  granular  fabric. 

The  most  irregular  shape  assumed  by  quartz  crystals  is  that 
resulting  from  the  inclosure  of  numerous  other  smaller  crystals 
by  a  quartz  crystal.  In  this  case  quartz  plays  the  rdle  of  matrix 
or  oikocryst  in  poikilitic  fabric  which  is  oftenest  microscopic, 
and  may  be  developed  in  the  groundmass  of  a  porphyry,  or  in 
larger  pattern  in  quartzose  phanerocrystalline  rocks,  where  there 
may  be  suggestions  of  earlier  euhedral  forms  subsequently 
extended  by  the  further  separation  of  quartz  from  the  liquid 
magma  upon  the  complete  solidification  of  the  liquid,  Fig.  23. 

When  quartz  crystals  grow  on  the  walls  of  cavities  in  igneous 
rocks  as  the  first  crystallizations  from  vapors  that  were  in  solu- 
tion in  the  magma  they  usually  develop  distinct  crystallo- 
graphic  faces,  and  may  assume  pronounced  prismatic  shapes. 

*  For  works  on  alloys  see  Siderology,  The  Constitution  of  Iron  Alloys 
and  Slags,  H.  F.  v.  Jiiptner,  translated  by  Chas.  Salter,  London,  1902,  and 
Introduction  to  Metallography,  by  Paul  Goerens,  translated  by  Fred  Ibbet- 
son,  1908. 

'  Miers,  H.  A.,  and  Isaac,  F.  Proc.  Royal  Soc.  A.,  vol.  79, 1907,  pp.  349- 
350. 

'  Day,  Shepherd,  and  Wright,  Am.  Jour.  Sci.,  vol.  22,  1906,  p.  289,  and 
Allen,  White,  Wright,  and  Larsen,  ibid.,  vol.  27,  1909,  pp.  1-47. 
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Such  cavities  may  form  in  phanerocrystalline  rocks  upon  the  con- 
traction of  the  last  of  the  magma  in  passing  from  liquid  to  solid 
crystal  phase,  and  when  uniformly  distributed  through  a  rock 
produce  what  is  known  as  miarolitic  texture,  such  cavities 
also  being  called  miarolitic. 


Fig.  23, 

The  lai^  cavities  often  developed  in  pegmatites  and  usually  distributed 
veiy  irregulariy  through  the  rock  are  of  the  same  character  as  miarolitic 
cavities  in  finer  grained  rocks.  Pyrogenetic  cavities  form  in  certain  porous, 
or  partly  hollow,  spherulites  and  lithophyss.  And  the  quartz  crystals 
in  hollow  spherulites  in  highly  siliceous  lava  (rhyolite)  at  Glade  Creek, 
Yellowstone  National  Park,^  which  are  comparatively  large  and  are  pris- 
matic, have,  besides  dominant  prism  planes  (lOlO)  and  the  unit  rhombo- 
hedron  (lOll),  subordinate  planes  of  (3032),  (0332),  and  trapezohedrona 
(1232). 

Since  there  is  a  transition  point  in  quartz  at  570°,  at  which  it  passes  from 
hexagonal  trapezohedral  symmetry  above  this  temperature  to  trigonal  trapezo- 
hedral  symmetry  below  it,  and  the  transition  from  higher  to  lower  symmetry 
is  usually  accompanied  by  the  development  of  twinning  in  irregulariy  bounded 
spaces,  it  is  often  possible  to  determine  whether  quartz  crystals  were  formed 
above  or  below  570°.  The  observations  of  Wright  and  Larsen  show  that  the 
quartzes  in  granites  were  formed  above  570°,  and  much  of  the  quartz  in  peg- 
matites also,  certainly  that  graphically  inteigrown  with  feldspar,  whereas 
the  quartz  in  cavities,  so  far  as  studied,  was  formed  below  570°;  indicating 
that  pneumatolytic  processes  usually  take  place  at  temperatures  below  570°. 

The  formation  of  crystals  in  gases  in  igneous  rocks  has  been 
called  a  pneumatolytic  process  by  Rosenbusch,  but  there  may 
be  actions  of  this  kind  in  which  the  gases  are  those  dissolved 
in  the  magma  and  the  crytallization  may  take  place  with  the 
cooling  of  the  magma;  and  there  may  be  cases  in  which  gases 
from  some  distant  source  attack  previously  solidified  magmas. 

'  Iddings  and  Penfield,  Am.  Jour.  Sci.,  vol.  42,  1891,  pp.  39-46. 
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Both  of  these  kinds  of  processes  may  be  called  pneumatolytic. 
The  first  may  be  considered  as  primary,  the  second  kind  as 
secondary. 

Tridtmite  crystallizes  in  thin  plates  with  hexagonal  outline,  which  may 
form  aggregates  of  microscopic  individuals,  which  are  anhedral  to  sub- 
hedral  and  in  section  are  nearly  equidimensional,  or  equant.  Such  aggre- 
gates have  been  described  as  like  roofing  tiles  in  section,  and  are  usually 
very  small  and  insignificant.  When  it  crystallizes  in  the  presence  of  more 
gas,  generally  within  cavities,  or  associated  with  cavities,  tridymite  forms 
larger  plates  twinned  at  such  an  acute  angle  that  the  plates  wedge  out 
against  one  another,  or  they  group  themselves  in  spherical  aggregates,  sel- 
dom more  than  a  millimeter  in  diameter.  Tridymite  occurs  in  these  various 
forms  in  some  lavas,  usually  in  such  small  amounts  that  it  does  not  giv^ 
special  character  to  the  texture. 

Feldspars  separate  from  igneous  magmas  in  crystals  having 
different  shapes  or  habits  in  different  cases.  They  may  all  of 
them  be  equant  in  some  rocks,  tabular  in  others,  and  prismoid 
in  others.  Or  they  may  possess  different  shapes  in  one  rock 
according  to  the  conditions  under  which  they  were  formed. 
Frequently  feldspar  phenocrysts  have  quite  a  different  habit 
from  the  feldspars  forming  the  groundmass.  Owing  to  the  fact 
that  potash-feldspar  does  not  form  with  albite  and  the  lime- 
soda-feldspars  homogeneous  crystals  in  all  proportions  under 
the  conditions  attending  the  solidification  of  rock  magmas,  it  is 
better  to  consider  the  shapes  of  crystals  of  potash-feldspar  and 
those  of  crystals  of  the  lime-soda-feldspars  separately,  although 
there  are  many  analogies  and  resemblances  between  them. 

Potash-feldspar,  orthoclase  and  sanidine,  forms  euhedral 
crystals  bounded  by  the  second  and  third  pinacoids  (010), 
(001),  two  pinacoids  of  the  third  kind  (110),  (llO),  commonly 
called  the  prism  (m),  and  generally  one  or  two  pinacoids  of  the 
second  kind,  x  (101)  and  //  (201);  sometimes  subordinate  planes 
o  (111)  and  o'  (111),  Fig.  24;  besides  occasionally  other  planes. 
Such  crystals  may  be  nearly  equidimensional  or  equant,  Fig.  24, 
or  tabular  parallel  to  the  second  pinaeoid  (010),  Fig.  25.  In 
rarer  instances,  as  when  the  crystals  form  in  the  presence  of 
gases  in  cavities,  as  at  Obsidian  Cliff,  Yellowstone  National  Park, 
they  may  be  tabular  parallel  to  (001),  Fig.  26.  This  habit  has 
not  been  observed  on  crystals  formed  within  the  magma.  Pris- 
matic shapes  are  produced  by  the  elongation  of  crystals  in  the 
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direction  of  the  a  axis,  Fig.  27,  and  in  certain  rarer  instances 
parallel  to  the  c  axis,  Fig.  28.  Branching  crystals  elongated 
in  both  these  directions  form  in  some  glassy  rocks,  Fig.  29. 
The  shapes  are  further  modified  by  twinning;  Carlsbad  twin- 
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Fig.  24. 


Fla.  26. 


Fia.  26. 


ning  occurring  in  equant  crystals  and  in  those  tabular  parallel 
to  (010),  or  prismatic  in  the  direction  of  the  c  axis.  Baveno 
twinning  occurs  in  crystals  prismatic  in  the  direction  of  the 
a  axis.      And  Manebach  twinning  occurs  in  prismatic  crystals 
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Fig.  29. 


elongated  parallel   to  the  a  axis  and  in  tabular  crystals   flat- 
tened parallel  to  the  third  pinacoid  (001). 

Equant  crystals  of  potash-feldspar  are  euhedral  when  they 
occur  as  phenocrysts  in  some  porphyries,  indicating  an  approxi- 
mately uniform  growth  in  all  directions,  resulting  from  ease  of 
diffusion  or  gradual,  comparatively  slow,  crystallization,  since 
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the  most  tabular  and  prismoid  crystals  form  rapidly  and  also 
in  highly  viscous  magmas.  Equant  crystals  of  orthoclase  are 
anhedral  when  they  form  at  the  same  time  in  juxtaposition  with 
equant  crystals  of  other  minerals,  such  as  quartz.  This  may 
be  a  rapid  crystallization  in  a  labile  condition  as  Miers  has  shown 
for  certain  eutectic  mixtures.  Or  they  may  form  almost  by 
themselves  without  regard  to  the  presence  of  crystals  of  other 
minerals.  There  may  thus  be  developed  an  equant  granular 
fabric  produced  in  the  main  by  crystals  of  orthoclase.  But 
this  fabric  is  more  frequently  produced  when  equant  quartzes 
are  also  present.  Equant  anhedrons  of  orthoclase  may  be  of 
any  size  from  rather  large  megascopic  crystals  to  minute,  micro- 
scopic ones. 

Tabular  crystals  of  potash-feldspar  may  be  euhedral  when 
they  form  phenocrysts  in  some  porphyries,  using  this  term  in 
its  broadest  sense.  That  is,  they  may  be  megascopic  pheno- 
crysts, or  microscopic  crystals  in  a  glass  matrix,  more  commonly 
called  microlites.  But  the  larger  the  crystal,  in  general,  the  less 
pronounced  the  tabular  character.  Thus  megascopic  tabular 
phenocrysts  of  orthoclase  are  rarely  more  than  three  times  as 
broad  as  they  are  thick,  whereas  microscopic  plates  may  be 
more  than  thirty  or  forty  times  as  broad  as  thick.  The  tabu- 
lar character  becomes  highly  developed  in  crystals  that  form 
in  rapidly  cooling,  highly  viscous  magmas.  Extremely  thin 
plates  of  orthoclase  often  form  in  the  groundmass  of  porphyries 
rich  in  this  compound,  when  the  phenocrysts  of  orthoclase  are 
more  or  less  equant.  Anhedral  tabular  crystals  are  oftenest 
produced  when  a  magma  consists  chiefly  of  potash-feldspar  and 
rapidly  crystallizes  into  small  individuals.  They  are  seldom 
developed  in  coarsely  crystallized  rocks. 

Prismoid  crystals  of  potash-feldspar  may  be  euhedral  when 
phenocrysts,  either  megascopic  or  microscopic,  that  is,  microlites 
in  glass.  It  is  true  in  this  case  also  that  the  larger  the  crystals 
the  less  pronounced  the  prismoid  habit,  megascopic  crystals  being 
usually  relatively  thick,  short  prisms,  whereas  microscopic  ones 
may  in  some  cases  be  extremely  thin,  long,  needle-like  crystals. 
Evidently  the  latter  develop  readily  in  highly  viscous  magmas. 
Moreover,  it  happens  that  prismoidal  orthoclases  oftener  form 
in  the  more  siliceous  magmas,  and  are  accompanied  by  quartz 
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or  tridymite;  while  tabular  orthoclases  more  frequently  form  in 
less  siliceous  magmas  rich  in  potash-feldspar,  and,  therefore,  are 
seldom  associated  with  notable  amounts  of  quartz.  Special 
types  of  prismoid  orthoclase  will  be  described  in  connection  with 
the  arrangement  of  crystals. 

SoDA-POTASH-FELDSPARS  crystallizo  in  the  same  forms  as 
potash-feldspar,  and  are  not  generally  distinguishable  by  means 
of  their  shapes.  The  unstriated,  alkali-feldspars  in  many  igneous 
rocks  contain  notable  amounts  of  sodium.  This  is  true  of  the 
feldspars  in  the  obsidian  of  Obsidian  CliflF,  Yellowstone  National 
Park,  which  furnish  the  illustrations  for  numerous  varieties  of 
shapes  represented  by  the  figures.  When,  however,  the  sodium 
exceeds  the  potassium  considerably,  so  that  the  feldspar  is 


c 


M 


m 


M 


m 


Fig.  30. 


FiQ.  31. 


properly  a  potash-soda-feldspar,  which  may  in  some  cases  con- 
tain a  small  amount  of  calcium  (Or2.iAb4Ani,  Kilimanjaro, 
Africa),  a  special  type  of  crystal  is  sometimes  formed,  such  as 
the  megascopic  phenocrysts  in  certain  porphyries  of  Norway, 
rhombenporphyries.  This  is  shown  in  Fig.  30,  which  is  a  flat 
rhombic  prism,  wedge-shaped  at  the  ends,  and  sometimes 
twinned,  and  grown  together  on  the  first  pinacoid  (100),  Fig.  31. 
Subhedral  and  anhedral  crystals  of  this  type  also  occur  in  certain 
coarsely  grained  rocks  in  Norway,  rich  in  potash-soda-feldspars, 
soda-microclines. 

LiME-soDA-FELDSPARS,  including  all  proportions  of  albite  and 
anorthite,  may  crystallize  in  very  similar  shapes,  but  there  are 
differences  in  the  habit  according  to  the  conditions  under  which 
they  crystallize.     And  since  the  chief  factor  affecting  their  habit 
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appears  to  be  the  viscosity  of  the  liquid  from  which  they  separate, 
and  as  the  more  calcic  feldspars  form  the  more  fluid  liquids  when 
melted,  and  are  seldom  associated  with  potash-feldspar  and 
quartz,  both  of  which  are  highly  viscous  when  liquid,  it  follows 
that  the  more  calcic  the  feldspar  the  more  likely  its  crystals  are 
to  be  equant,  or  nearly  so,  for  a  given  set  of  attendant  conditions. 
The  relation  between  habit  and  viscosity  is  well  illustrated  by 
the  shapes  of  some  microscopic  crystals  of  lime-soda-feldspar 
which  have  formed  in  cooling  liquids  of  the  feldspar  made  in  the 
laboratory.* 

In  the  case  of  labradorite-andesine  (Ab,An|)  there  are  minute  nearly 
equant  to  thick  tabular  or  bladed  crystals  that  extend  into  longer  bladed 
forms  much  thinner  at  the  margins  than  at  the  center,  Fig.  32,  and  other 
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Fig.  33. 


crystals  that  are  equant  to  thick  tabular  or  thick  prismoid  forms  that  pass 
into  extremely  thin  hair-like  prisms,  Fig.  33.  This  is  a  well-known  phe- 
nomenon in  some  glassy  igneous  rocks,  and  shows  that  when  the  crystal 
began  to  form  it  was  able  to  grow  at  nearly  equal  rates  in  three  directions, 
but  as  cooling  progressed  and  the  surrounding  liquid  became  more  viscous, 
thin  tabular  and  finally  extremely  thin  prismatic  shapes  are  assumed  by 
the  growing  crystal,  which  is  chemically  homogeneous.  For  there  are  cases 
where  it  can  be  demonstrated  that  the  optical  orientation,  and«  therefore, 
the  chemical  composition,  is  constant  in  all  parts  of  the  crystal. 

When  zonal  structure  is  developed  by  changes  in  the  composi- 
tion of  the  feldspar,  the  first,  or  central,  part  of  the  crystal  being 
more  calcic  than  the  margin,  there  must  be  a  change  in  the  com- 
position of  the  liquid  whereby  the  composition  gradually  becomes 
poorer  in  anorthite  and  relatively  richer  in  albite.  There  should 
then  be  an  increase  in  the  viscosity  of  the  liquid  independent  of 
any  increase  due  to  lowering  of  temperature,  which  acts  in  the 

*  The  Isomorphism  and  Thermal  Properties  of  the  Feldspars.  Day,  Allen, 
Iddings.     Carnegie  Institution  of  Washington,  1905,  p.  91. 
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same  direction.  It  is  commonly  observed  that  the  inner  zones, 
or  cores,  of  a  zonally  built  feldspar  are  more  nearly  equant  than 
the  outer  zones,  or  the  final  shape,  of  the  crystal. 

Euhedral  crystals  of  lime-soda-feldspars  often  are  bounded  by 
nearly  the  same  planes  as  those  on  orthoclase  b  (010),  c  (001), 
m  (110),  M  (lIO),  X  (lOl)  and  y  (201),  and  sometimes  others. 


FiQ.  34. 


Fig.  35. 


Fig.  36. 


But  euhedral  crystals  are  less  common  than  with  orthoclase.  In 
some  cases  the  pinacoids  c  (001),  y  (201),  and  b  (010)  dominate, 
and  the  crystals  have  nearly  cuboidal  shapes,  as  is  the  case  with 
anorthite  from  lava  from  Miakijima,  Japan,  Fig.  34.     When  such 


Fig.  37. 


Fig.  38. 


crystals  are  tabular  parallel  to  6  (010)  they  form  nearly  square 
plates,  Fig.  35.  Tabular  crystals  also  occur  similar  to  those  of 
orthoclase,  Fig.  36,  and  may  be  Carlsbad  twins  of  albite  twins. 
Fig.  37.  They  may  also  be  twinned  according  to  the  pericline 
law.  Prismoid  crystals  are  elongated  in  some  cases  in  the  direc- 
tion of  the  c  axis;  in  others  parallel  to  the  a  axis.  Fig.  38.     This 
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is  more  commonly  the  habit  of  microscopic  prismoid  crystals, 
which  are  twinned  according  to  the  albite  law. 

Equant  crystals  of  lime-soda-feldspar  are  euhedral  when  they 
are  phenocrysts  in  porphyritic  rocks,  oftenest  when  megascopic, 
seldom  as  microscopic  ones  in  rock  glasses.  Equant  crystals 
of  these  feldspars  are  anhedral  in  certain  equigranular  rocks 
composed  largely  of  feldspar,  anorthosites  and  some  gabbros, 
or  of  the  highly  sodic  feldspars  and  quartz,  albite-granites. 
These  rocks  are  oftenest  coarse-grained,  though  fine-grained  and 
aphanitic  varieties  are  known  with  equant  anhedral  lime-soda- 
feldspars. 

Tabvlar  crystals  of  lime-soda-feldspar  may  be  euhedral  when 
phenocrysts,  large  and  small,  and  when  they  are  the  chadacrysts 
in  that  variety  of  poikilitic  fabric  called  ophitic.  As  anhedral 
crystals  they  occur  occasionally  in  coarse-grained  rocks  almost 
wholly  feldspar,  as  in  anorthosite,  in  the  Wachita  Mountains, 
Oklahoma,  also  in  finer-grained  rocks.  They  form  as  micro- 
scopic plates  in  the  cooling  of  melted  feldspar  in  the  laboratory. 
Prismoid  crystals  of  these  feldspars  are  euhedral  when  pheno- 
crysts of  all  sizes,  and,  perhaps,  are  more  commonly  developed 
than  equant  or  tabular  shapes.  They  are  specially  frequent  as 
small  and  as  microscopic  crystals;  and  the  smaller  the  crystal 
the  more  pronounced  the  prismatic  habit.  Prismoid  crystals  of 
lime-soda-feldspars,  whether  euhedral  or  anhedral,  are  more  often 
developed  the  more  viscous  the  liquid  from  which  they  crystallize, 
as  already  said,  and  as  the  more  alkalic  feldspars  yield  the  more 
viscous  liquids  they  are  oftener  developed  in  prismoid  shapes 
than  the  more  felcic  feldspars.  That  is,  albite  and  oligoclase 
when  in  microscopic  crystals  usually  form  relatively  thinner, 
longer  prismoids  than  labradorite  and  anorthite.  The  latter 
oftener  form  stout  rectangular  prismoids,  which  in  section  are 
generally  described  as  "lath-shaped. '' 

Nephelite  crystallizes  in  hexagonal  prisms  with  the  basal 
pinacoid,  seldom  modified  by  other  planes.  The  habit  is  nearly 
equant  in  some  instances,  when  the  prisms  are  nearly  as  broad 
as  they  are  long.  It  is  sometimes  tabular,  in  relatively  thick 
plates  parallel  to  the  basal  pinacoid.  It  is  in  some  cases 
prismoid,  in  stout  prisms,  almost  never  in  slender,  long 
prisms.    Euhedral  crystals  occur  as  phenocrysts  of  various  sizes. 
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Anhedral  ones  are  not  specially  characteristic  of  any  particular 
mode  of  solidification  of  a  nephelite-bearing  magma,  but  irregular 
shaped,  rounded  prismoids  occur  as  graphic  intergrowths  of 
nephelite  in  alkalic  feldspar  in  some  phanerocrystalline  rocks, 
nephelite-syenites.  Their  common  shape  is  equant,  and  the 
presence  of  abundant  crystals  of  nephelite  tends  to  produce  a 
fabric  characterized  by  crystals  of  equant  shapes. 

Leucite  and  the  sodalite  minerals,  since  they  crystallize  in 
the  isometric  system,  form  equant  crystals  that  are  rarely 
euhedral,  oftener  subhedral  and  anhedral.  The  same  is  true  of 
garnet  and  magnetitey  which  seldom  are  present  in  such  amounts 
as  to  control  the  character  of  the  fabric  of  igneous  rocks. 

Micas  commonly  crystallize  in  tabular  shapes,  flattened 
parallel  to  the  third  pinacoid  c  (001).  Crystals  vary  consider- 
ably in  thickness,  larger  ones  being  generally  relatively  thicker 
than  smaller  ones,  which  when  microscopic  are  often  extremely 
thin  as  compared  with  their  breadth.  Large  crystals  are  some- 
times nearly  equant,  that  is,  as  thick  as  broad.  Less  often 
they  are  prismoid  in  the  direction  of  the  c  axis,  that  is,  nearly 
perpendicular  to  the  cleavage  plane.  In  rare  instances  mica 
crystals  are  elongated  in  the  plane  of  cleavage  parallel  to  the 
a  axis.  Euhedral  crystals  occur  as  phenocrysts  and  as  micro- 
scopic crystals  in  rock  glass.  Subhedral  and  anhedral  crystals 
of  irregular  outline  occur  in  rocks  of  various  granularity  and 
fabric.  Occasionally  mica  is  graphically  intergrown  with  quartz, 
usually  at  one  end  or  side  of  a  mica  crystal.  The  shapes  of  the 
mica  parts  of  the  intergrowth  are  quite  irregular. 

Pyroxenes  crystallize  from  igneous  magmas  in  equant  or 
prismoid  shapes,  almost  never  in  distinctly  tabular  forms, 
though  crystals  are  sometimes  flattened  in  one  of  the  two 
pinacoids  h  (010)  or  a  (100).  Euhedral  crystals  of  monoclinic 
pyroxene  are  commonly  bounded  by  the  planes  shown  in 
Figs.  39  and  40,  a  (100),  h  (010),  m  (110),  s  (111);  less  frequently 
other  planes.  In  the  sodic  varieties,  aegirite-acmite,  the  pina- 
coid h  (010)  is  generally  absent,  and  there  are  sometimes  steep 
terminal  planes.  The  characteristic  difference  between  the  sodic 
pyroxenes  and  other  varieties  is  shown  in  Figs.  41  and  42;  the 
first  a  cross-section  of  ordinary  pyroxenes;  the  second  one  of 
£egirite.     Euhedral  crystals  occur  as  phenocrysts  of  all  sizes, 
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equant,  flattened,  or  prismoid;  and  subhedral  crystals  with 
distinct  planes  in  the  zone  of  the  c  axis,  but  without  definite 
crystallographic  planes  terminating  the  prisms,  also  occur  in 
this  manner,  being  more  common  than  euhedral  ones.     Anhedral 


m 


m 


Fig.  39. 


Fig.  40. 


crystals,  equant  or  prismoid,  develop  in  rocks  of  various  granu- 
larities and  fabrics.  In  general,  however,  equant  crystals  are 
more  commonly  formed  under  conditions  producing  larger 
crystals  than  under  those  producing  microscopic  ones.  Evi- 
dently the  more  viscous  the  magma  the  more  prismoid  the 


Fig.  41. 


crystals  of  pyroxene.  There  is  a  relation  between  the  habit  of 
the  crystals  and  their  composition,  which  may  be  a  function  of 
viscosity  also.  It  is  that  the  more  sodic  pyroxenes,  aegirite- 
acmite,  are  oftener  prismoid  than  the  less  sodic  ones,  and  the 
prisms  are  relatively  longer  and  more  slender.  There  seems  to 
be  no  characteristic  difference  in  habit  between  crystals  of  mono- 
clinic,  calcic  pyroxenes,  diopside,  augite,  and  those  of  the  ortho- 
rhombic  pyroxenes,  enstatite,  hypersthene. 

Amphiboles  crystallize  very  similarly  to  pyroxenes  so  far  as 
habit  of  crystals  is  concerned.  Equant  and  prismoid  shapes 
are  common;  tabular  ones  almost  never  develop  in  igneous 
magmas.  Euhedral  crystals  have  the  simple  forms  shown  in 
Fig.    43,    rarely    other    planes.     Subhedral    crystals    definitely 
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bounded  in  the  zone  of  the  c  axis  and  irregularly  terminated 
are  comndon.  Euhedral  crystals  occur  chiefly  as  phenocrysts, 
large  or  small;  that  is,  including  microscopic  crystals  in  a  glass 
matrix.  The  larger  crystals  are  oftener  equant,  the  smaller  ones 
prismoid.  In  general,  amphiboles  form  more  pronounced  pris- 
moids  than  pyroxenes  under  what  appear  to  be  like  conditions 
of  formation.  Amphibole  crystals  are  oftener  longer  and  more 
slender  than  those  of  pyroxenes,  other  than  aegirite-acmite. 
However,  the  very  characteristic  acicular  crystals  of  tremolite 
and  actinolite  are  not  pyrogenetic  in  igneous  rocks,  but  are  the 
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Fig.  44. 


Fig.  45. 


product  of  secondary  actions.  Moreover,  amphibole  is  less 
often  crystallized  from  rapidly  cooling  magmas  than  pyroxene 
is,  so  that  highly  attenuated  prisms,  needle-like,  or  even  hair- 
like, in  shape,  are  more  commonly  formed  of  pyroxene  than 
of  amphibole. 

Olivine  crystallizes  from  igneous  magmas  generally  in 
equant  or  nearly  equant  shapes,  almost  never  distinctly  tabu- 
lar, and  rarely  prismoid.  The  forms  usually  developed  on 
euhedral  crystals  are  shown  in  Figs.  44  and  45,  a  (100),  h  (010), 
c  (001),  k  (021),  m  (110),  s  (120),  r  (130),  d  (101),  e  (111),/  (121). 
Crystals  may  be  flattened  somewhat  parallel  to  a  (100)  or 
h  (010).  When  prismoid,  the  elongation  is  in  the  direction  of  the 
c  axis.  Euhedral  and  subhedral  crystals  occur  as  phenocrysts, 
megascopic  or  microscopic.  In  rare  instances  prismoid  anhe- 
dral  crystals  have  developed  which  are  long  and  slender,  and  may 
also  be  irregularly  shaped,  as  in  basaltic  laya,  in  the  Hawaiian 
Islands,  Fig.  46. 

Other  minerals,  as  apatite,  titanite,  tourmaline,  have  distinctive 
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shapes  as  pyrogenetic  crystals,  equant,  tabular,  and  prismatic, 
and  when  present  in  considerable  amounts  lend  noticeable  char- 
acter to  the  fabric  of  the  rock,  but  their  amounts  are  usually 
so  alight  that  they  seldom  aSect  the  fabric  appreciably.  In 
specific  cases  their  part  in  the 
fabric  may  be  pointed  out,  but 
there  is  no  need  of  considering  them 
in  detail  in  this  place. 

AiTflngement  of  Crystals.  —  The 
arrangement  of  crystals  in  a  rock 
is  a  most  important  factor  of  its 
fabric,  and  may  be  discussed  in  a 
general  manner  for  most  rocks, 
and  also  in  a  specific  way  for 
certain  very  characteristic  cases. 
Considering  first  those  cases  in 
which  the  crystals  are  mostly  the 
same  shapes  in  one  rock,  and  are 
also  of  Uke  magnitudes,  it  is  evident 
that  the  results  of  different  kinds 
of  arrangements  will  vary  with  the 
shape  of  the  crystals. 
Arrangement  In  Bqaigr&aular  Rocks.  —  Equant.  —  When 
nearly  all  the  crystals  are  equant,  there  can  be  no  variation  in 
the  arrangement  of  them,  considered  merely  as  shapes,  for 
they  must  lie  in  juxtaposition  and  produce  a  uniform  pattern. 
If  the  crystals  were  of  several  kinds  of  minerals  and  of  different 
colors,  various  arrangements  of  the  differently  colored  crystals 
would  produce  variations  in  fabric  as  regards  color,  that  is, 
various  color  patterns.  It  would  be  proper  to  describe  the 
fabric  in  terms  of  the  shapes  of  the  crystals  as  equiform  and 
equant,  and  in  addition  describe  the  arrangement  of  the  different 
kinds  of  minerals. 

Tabular  crystals  may  be  arranged  in  the  following  general 
ways: 

Parallel,  that  is,  most  all  of  the  crystals  may  be  parallel  to 
one  another,  or  very  nearly  so,  when  they  may  be  subparallel. 
This  fabric  is  found  in  some  igneous  rocks  composed  of  Ume- 
sod  a- feldspars  and  in  others  composed  of  potash -feldspars  ■ 
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DiversBy  omniversal,  when  the  plates  lie  in  all  directions. 
This  fabric  is  oftener  developed  when  tabular  crystals,  feld- 
spars, lie  in  all  directions  among  other  minerals,  as  in  many 
ophitic  rocks. 

Radial,  divergent,  fanlike,  or  spherulitic  in  part,  an  arrange- 
ment oftenest  seen  in  certain  alkali-feldspar  rocks,  syenite- 
pegmatites. 

Tangential,  concentrically  curved,  or  imbricated,  like  the 
leaves  of  an  onion.  An  uncommon  arrangement  found  in  some 
aggregations  of  mica,  as  in  the  nodular  granite  of  Craftsbury,  Vt. 

Prismoid  crystals  may  have  arrangements  analogous  to  those 
of  tabular  crystals,  as  follows: 

Parallel  or  subparallely  when  all,  or  most  all,  the  prismoid 
crystals  are  parallel  to  one  another.  An  arrangement  found  in 
certain  alkali-feldspathic  rocks  that  have  cooled  rapidly  and  are 
aphanitic,  some  trachytes  and  phonolites. 

Diverse,  omniversal,  when  the  prismoid  crystals  lie  in  all 
positions. 

Radialy  divergent,  spherulitic,  axiolitic.  An  arrangement  com- 
monly found  in  certain  lavas  of  highly  siliceous  rocks,  spherulitic 
rhyolites,  etc. 

Branching,  arborescent,  also  merging  into  radial,  spherulitic, 
and  occurring  similarly. 

Tangential,  concentrically  curved,  or  arranged  parallel  to  the 
surface  of  a  nuclear  crystal. 

Irregularly  shaped  crystals  forming  equiform,  equigranular 
rocks  may  be  arranged  with  respect  to  one  another  in  two 
ways.  They  may  be  in  juxtaposition,  or  they  may  interpene- 
trate one  another.  These  two  relations  may  be  described  as 
follows: 

CoNSERTAL.  —  When  irregularly  shaped  crystals  in  juxtapo- 
sition are  closely  fitted  together,  or  conserted. 

Graphic.  —  When  irregularly  shaped  crystals  mutually  pene- 
trate one  another,  they  often  produce  fabrics  as  in  graphic 
granite,  which  have  already  been  described. 

Arr&ngement  in  Ineqnigrannlar  Rocks,  —  When  rocks  are  in- 
equigranular,  hiatal,  or  seriate,  the  arrangement  of  the  crystals 
may  be  described  in  the  same  terms  as  those  just  applied  to 
equigranular  rocks.     But  it  sometimes  happens  that  in  porphy- 
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ritic  rocks  the  arrangement  of  the  phenocrysts  is  different  from 
that  of  the  crystals  forming  the  groundmass,  or  it  may  be 
desirable  to  describe  the  arrangement  of  one  independently  of 
that  of  the  other.  Considering  the  arrangement  of  the  pheno- 
crysts in  a  porphyritic  rock  the  following  relationships  may  be 
recognized  and  described  by  appropriate  terms: 

Scattered  phenocrysts,  distributed  more  or  less  uniformly 
through  the  groundmass,  produce  a  fabric  that  may  be  called 
SKEDOPHYRic,  the  porphyry  being  called  a  skedophyre.  This 
is  the  commonest  case. 

Grouped  phenocrysts  may  be  arranged  in  several  ways:  (a)  in 
clusters  or  irregular  groups,  producing  a  cumuloporphyric 
fabric,  the  rock  being  a  cumulophyre.  A  special  case  of  this 
kind,  with  equant  phenocrysts  of  pyroxene,  has  been  called 
GLOMEROPHYRic  texture  (glomeroporphyritic,  Judd,  1886). 
(6)  When  phenocrysts  are  in  layers^  the  fabric  is  planophyric 
and  the  rock  a  planophyre.  (c)  Phenocrysts  in  lines  or 
streaks  produce  a  linophyric  fabric,   the  rock   being  a  lino- 

PHYRE. 

In  like  manner  the  inclosed  crystals,  or  chadacrysts,  in  poiki- 
litic  fabric  may  be  uniformly  scattered,  or  grouped  in  various 
ways,  within  the  oikocryst.  When  they  are  tabular  or  pris- 
moid  they  may  be  parallel  or  subparallel  to  one  another,  or  their 
arrangement  may  be  omniversal,  or  diverse. 

Branching:  and  Radiating:  Crystals,  —  Special  shapes  and 
arrangements  of  crystals  formed  rapidly  in  viscous  magmas, 
owing  to  their  frequent  occurrence,  need  more  detailed  descrip- 
tion. They  may  be  considered  as  branching  and  radiating 
crystals,  and  as  parallel  and  subparallel '  aggregations,  some- 
times radiating. 

There  are  several  methods  by  which  the  branching  of  crystals 
may  take  place:  (a)  by  the  extension  of  a  crystal  in  several 
different  directions,  producing  what  are  sometimes  called 
skeleton  forms;  (6)  by  curving  and  splitting  and  subsequent 
prolongation  of  prismatic  crystals;  (c)  by  successive  growths 
of  crystals  attached  to  one  another  in  more  or  less  inclined 
positions. 

(a)  The  result  of  extending  a  single  crystal  in  several  differ- 
ent directions  depends  upon  the  kind  of  crystals,  and  is  oftenest 
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seen  in  the  wonderfully  varied  and  delicate  hexagonal  plates 
of  snow,  each  one  being  a  single  tabular  crystal.  Tabular 
crystals  almost  never  branch  in  this  manner  in  igneous  rocks. 
But  such  branching  is  Imown  to  take  place  with  prismatic 
crystals,  and  to  some  extent  with  equant  ones. 

Slender  microscopic  prisms  of  potash-feldspar  elongated  in 
the  direction  of  the  a  axis  and  twinned  according  to  the  Mane- 
bach  law  may  extend  for  considerable  lengths  without  branches, 
being  more  or  less  curved.    At  the  extremity,  however,  they 
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may  spread  into  somewhat  tabular  leaf-like  shapes.  Prisma 
of  this  kind  may  be  branched  by  the  prismatic  extension  of 
the  same  crystal  at  regular  intervals  on  both  sides  of  the 
twinned  prism  in  the  directions  of  the  c  axis,  that  is,  at  about 
64  degrees  to  the  direction  of  the  a  axis  on  each  side,  Fig,  47. 
In  some  instances  the  branches  thin  toward  the  extremity  and 
curve.  They  are  parallel  to  the  same  direction  as  that  of  the 
main  prism,  or  stem,  the  c  axis  and  a  axis  becoming  parallel, 
Fig.  48.  This  kind  of  branching  is  found  in  certain  spheruiites 
in  the  obsidian  of  Obsidian  Cliff. 

Examples  of  the  branching  by  extension  of  equant  crystals 
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through  addition  of  material  in.  parallel  molecular  orientation 
are  shown  by  some  aggregated  growths  of  magnetite,  Fig.  49, 
and  by  certain  microscopic  crystals  of  leucite,  Fig.  50,  in  leucitite 
in  the  Bearpaw  Peak,  Mont. 


Fig.  48. 


Fia.  49. 


(b)  The  branching  of  prismatic  crystals  by  curving  and  split- 
ting, and  further  extension  of  the  split  prism,  has  been  demon- 
strated  by  laboratory  experiment   by  Lehmann   and   others. 


FiQ.  50. 


An  extremely  thin,  fiber-like,  prismatic  crystal  is  apt  to  curve 
during  its  first  growth  in  the  longitudinal  direction.  Upon 
thickening,  the  orienting  forces  in  the  molecules  set  up  stresses 


Fia.  51. 


Fig.  62. 


tending  to  straighten  the  curved  crystal.  This  may  lead  to  a 
fracture  on  the  convex  surface  and  the  straightening  out  of  a 
split  portion  of  the  curved  prism,  Fig.  51,  which  may  grow  on 
as  a  spur  or  branch,  Fig.  52.     In  this  way  a  feldspar  prism 


BRANCHING  AND  RADIATING  CRYSTALS  227 

may  branch  or  fork  repeatedly,  as  in  obsidian  at  Obsidian  CUB, 
Fig.  53.  Both  modes  of  branching  may  take  place  on  the  same 
crystals  of  feldspar.  The  result  of  repeated  forking  and  branch- 
ing leads  to  more  or  less  radiating  clusters  of  prismatic  crystals, 
arborescent  in  arrangement,  which  often  assume  a  spheroidal 
form  and  constitute  certain  kinds  of  spherulites. 


Fig.  53. 

(c)  Still  another  mode  of  producing  branching  arrangements 
of  crystals  is  by  the  growth  of  one  crystal  at  an  inclination  to 
another,  the  two  being  independently  oriented  individuals. 
This  kind  of  branching  may  resemble  very  closely  that  pro- 
duced by  splitting  in  some  eases.  It  takes  place  with  feldspar 
prisms  in  the  formation  of  certain  spherulites,  Fig.  S4,  and 
may  occur  in  combination  with  the  modes  of  branching  first 
described.     Spherulites  of  feldspar  produced  in  the  laboratory 
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are    sometimes   composed    of   extremely  thia  tabular  crystals  ' 
arranged  in  branching  aggregations,  v/hich  in  thin  section  yield 
plumose  and  feather-like  groups.'     This  mode  of  branching  is 


Fia.  64. 


Fia.  56. 


also  developed  in  aggregations  of  pyroxene  prisms  in  the  pitch- 
stone  on  Arran,  Fig.  55,  and  m  basaltic  glasses,  as  on  Hawaii, 
Fig.  56. 

The  most  familiar  example  of  such  branching  aggregations  of 
crystals,  prismatic  and  tabular,  is  the  frost  on  a  window  pane. 


Fio.  56. 

Radial,  or  Spherulltic,  Crystallisation.  —  This  takes  place 
for  the  most  part  in  rapidly  cooling  viscous  magmas,  and  is 
therefore  specially  common  in  rock  glasses,  that  is,  in  rocks 
whose  chief  components  are  alkali-feldspar  and  quartz,  and 
these  minerals  are  the  principal  ones  taking  part  in  the  result- 

'  The  iBomorphiBm  and  Thermal  Properties  ot  the  Feldspars.  Car- 
Degie  Institution  ot  Washington,  1905.  Plates  II,  III,  V,  VII,  VIII,  XIII, 
XIV,  XVI,  XVII. 
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ing  fabric.  There  are  two  modes  of  crystallization  that  yield 
radiating,  or  spherulitic,  aggregations:  one  is  the  crystallization 
of  compact,  radiating,  straight,  prismoid  crystals;  the  other,  the 
growth  of  separated,  radiating,  branching,  and  often  curved 
prismoid  crystals.  In  certain  cases  the  crystals  may  be  flat 
prismoids,  or  thin  plates.  Since  these  are  rapid  growths  all 
of  the  constituents  of  the  liquid  magma  are  generally  inclosed 
within  the  space  occupied  by  the  spherulitic  aggregation,  so 
that  the  composition  of  the  aggregation  is  usually  complex. 
If  the  magma  consisted  of  one  compound  the  spherulitic  growth 
would  be  composed  of  one  kind  of  mineral.  Radial,  or  spheru- 
litic, fabrics  are  usually  complex,  containing  all  the  minerals 
composing  the  liquid  from  which  the  crystallization  takes  place. 
Several  definite  kinds  of  these  fabrics  will  be  described  in  detail. 
The  chief  types  have  been  taken  from  the  spherulitic  obsidian 
and  lithoidal  lava  of  Obsidian  CliflF,  Yellowstone  National  Park,* 
and  from  similar  rocks  at  Rosita  Hills  and  Silver  Cliff,  Colo.* 

Compact,  Graphically  Intergrown,  Spherulites.  —  In 
this  obsidian,  which  consists  of  60  parts  alkali-feldspar  and 
35  parts  quartz,  the  two  minerals  in  places  begin  to  crystallize 
at  the  same  time  and  together,  producing  microscopic  groups  of 
feldspars  graphically  intergrown  with  quartz,  as  shown  by  their 
shape,  fabric,  and  optical  behavior.  A  simple  group  of  this 
kind  magnified  235  diameters  is  shown  in  Fig.  57.  The  nature 
of  its  fabric  is  understood  by  comparing  it  with  that  of  the 
graphic  feldspar  group,  magnified  37  times.  Fig.  22,  p.  209, 
from  a  porphyry  from  Eureka,  Nev, 

When  the  number  of  feldspars  combining  in  this  way 
increases,  the  outline  of  each  is  lost  and  the  effect  in  section 
between  crossed  nicols  is  shown  in  Fig.  58.  With  still  further 
increase  in  the  number  of  feldspar  crystals  radiating  from  a 
center  the  aggregates  become  more  nearly  fibrous  in  fabric  and 
spheroidal  in  shape.  Fig.  59.  When  still  more  regularly. devel- 
oped the  nearly  ideal,  spherulite  is  produced.     A  minute  one 

*  Iddings,  J.  P.  Am.  Jour.  Sci.,  1887,  vol.  33,  p.  36,  and  Seventh  Annual 
Report  U.  S.  Geological  Survey,  1888,  pp.  249-295,  and  Bulletin  Phil.  Soc. 
Washington,  vol.  11,  1892,  pp.  445-463,  also  Mon.  32,  Part  2,  U.  S.  Geological 
Survey,  1899,  pp.  410-422. 

»  Cross,  W.  Bulletin  Phil.  Soc.  Washington,  vol.  11, 1891,  pp.  411-444,  and 
Seventeenth  Ann.  Rept.  U.  S.  Geological  Survey,  1896,  Pt.  2,  pp.  263^103. 
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magnified  153  diametera  is  shown  in  Fig.  60.  Such  ephenilitea 
are  compact  and  hoi ocrystal line,  and  consist  of  radiating  prisms 
of  alkali  feldspar  with  submicroscopic  graphic  intergrowths  of 
quartz.  This  has  been  indicated  by  the  resemblance  between 
the  minute  feldspar  clusters  and  certain  graphically  intergrown 
phenocrysts  of  the  same  minerals.  It  is  shown  also  by  the 
marginal  crystallization  of  these  spberuUtes  in  certain  parts  of 


Fio.  59.  Flo.  60. 

the  rock  of  Obsidian  Cliff,  where  it  is  seen  that  straight  pris- 
matic crystals  of  feldspar  extend  beyond  the  circumference  of 
the  central  spheruUte;  are  free  from  the  minute  inclusions  pro- 
ducing the  almost  submicroscopic  graphic  fabric  of  the  spheru- 
lite;  are  optically  and,  therefore,  crystallographically  continuous 
with  the  radiating  crystals  of  the  central  spherulite;  and  are 
plainly  prisms  elongated  in  the  direction  of  the  a  axis,  Fig.  61. 
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It  is  further  shown  that  the  quartz  that  was  excluded  from 
these  pure  feldspar  crystals  subsequently  crystallized  outside 
of  them  in  spaces  between  neighboring  spherulites. 

It  appears  that  the  conditions  that  permitted  the  aphenilitic  intergrowtb 
of  the  feldspar  and  quarts  changed,  so  that  feldspar  crystallised  alone,  free 
from  quartz,  which  subsequently  crystalliied 
in  relatively  large  ciyBtaU  in  spaces  between 
inclosing  spherulites.  In  some  cases  the  free 
silica  crystallized  in  these  spaces  as  tridymite. 
The  change  of  condition  most  likely  to  take 
place  in  a  cooling  magma,  from  which  feldspar 
and  quart!  are  separating,  is  a  change  in  the 
relative  amount  of  gas  in  the  residual  liquid 
magma,  provided  there  is  no  means  of  escape. 
An  iitcrease  in  the  gas  content  may  change  the  pjg  gj_ 

saturation  of  the  solution  with  respect   to  one 

of  the  components,  which  may  cease  to  separate  for  a  time.  It  is  to  be 
noted  that  in  the  graphically  intergrown  quartz  and  feldspar  phenocryst 
from  Eureka,  Nev.,  Fig.  22,  p.  209,  there  is  a  margin  of  pure  feldspar  sur- 
rounding the  quartZ'tilled  portion. 

TTie  small  amount  of  other  components  of  the  rock  magma  are  scattered 
through  the  radial  aggregation  either  as  microlltes  that  had  formed  prior 
to  the  aphenilitic  crystal li cation  and  became  inclosed  by  it,  or  as  micro- 
scopic crystals  that  may  be  arranged  radially  with  the  feldspar. 

MiCRospHERULiTic  fabric  is  one  formed  by  small  compact 
spherulites  in  juxtaposition,  and  therefore  not  strictly  spherical 
in  shape,  but  spheroidal  to  irregular  in  form.  In  each  spheru- 
lite  there  is  a  point  from  which  the  crystals  radiate,  as  shown 
by  the  optical  behavior  between  crossed  nicols.  Fig,  62,  Each 
is  undoubtedly  composed  of  feldspar  and  quartz  intergrown  in 
the  manner  described  for  larger  spherulites.' 

Similar  radiating  feldspars  with  graphically  int«rgrown  quartz 
crystallize  in  larger  individuals  in  rocks  of  like  composition 
with  higher  granularity.  The  spherulitic  forms  are  less  often 
developed,  and  frequently  a  phenocryst  of  feldspar  or  quartz 
serves  as  a  nucleus  for  the  radial  aggregation.  Moreover,  there 
are  fewer  feldspar  crystals  in  each  aggregation.  The  graphic 
fabric  is  often  clearly  seen  in  thin  section  under  the  microscope. 

■  Iddings,  J.  P.  Am.  Jour.  Sci.,  1887,  vol.  33,  p.  36,  and  Seventh  Ann, 
Rep.  U.  S.  Geolopcal  Survey,  1888,  p.  277. 

Teall,  J.  J.  H.     British  Petrography,  London,  1888,  p.  402, 

Broker,  W.  C.     Zeitsch.  fur  Kryst.  u.  Min.,  1890,  vol.   16,  pp.  652-663. 
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An  example  of  this  micrographic  fabric  is  shown  in   Fig,  21, 
p.  208,  and  has  already  been  described. 

Spheruutes  of  Branching  Crystals.  —  In  the  same  obsid- 
ian also  occur  radiating  aggregates  made  up  of  prisma  of  feldspar, 
often  not  in  contact  with  one  another,  which  branch  in  ways 


Fis.  (S. 

already  described  and  illustrated  in  Figs.  47  and  48,  p.  225. 
They  assume  a  great  variety  of  curved  shapes,  from  spheroid 
to  plumose. 

A  good  example  of  such  an  arrangement  is  shown  in  Fig.  63, 
which  represents  a  section  across  a  large  spherulite  at  a  spot 
where  a  spheroidal  surface,  or  zone,  terminating  closely  parallel 
feldspar  prismoids,  minutely  branched,  is  succeeded  by  a 
growth  of  larger,  branched  crystals.  These  in  turn  become 
more  slender  and  more  nearly  parallel  to  one  another.  The 
spherulite  occurs  in  rhyolitic  lava  at  Rosita  Hills,  Colo.  The 
spaces  between  the  feldspar  prisms  may  be  filled  with  glass 
when  the  whole  is  a  compact  body,  or  they  may  be  occupied 
by  tridymite  and  gas  cavities.  The  tridymite  is  then  in  minute 
spherical  aggregates  that  formed  after  the  feldspar  crystallized. 
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Such  spherulites  are  more  or  less  porous.  No  quarU  has  been 
observed  with  the  branching  feldspars  in  the  rock  at  Obsidian 
Clifif,  except  in  the  case  of  lithophysie,  where  it  appears  to 
result  from  the  reaction  of  gases  upon  crystals  already  formed. 


Fio.  63.   Part  op  a  SpHERtTLrrE  of  Brancrino  Feldspar  Crystals. 
(Ctobb,  U.  8.  Geological  Survey.) 

The  conditions  controlling  this  mode  of  spheruliticcrystalliiation  are  clearly 
those  permitting  the  separation  of  feldspar  without  that  of  free  silica  which 
subsequently  cryatalliied  as  tridymite.  This  action  has  been  already  re- 
ferred to  the  ptesitnce  of  more  vapor  than  was  present  when  the  compact, 
graphically  intergrown  spherulites  fonn.  It  is  probably  dependent  on  viscoB- 
ity,  as  affected  by  the  gas  content  of  a  magma.  Wlien  both  kinds  of 
spherulites  are  present  in  obsidian  the  compact  kind  is  at  the  center,  as 
the  firat  formed,  and  is  often  surrounded  by  the  porous,  branching  spherulites, 
which  are  usually  much  larger  than  the  graphically  intergrown,  compact  ones. 

Concentrically  Zoned  Spherulites.  —  Concentric  zones 
or  shells  frequently  develop  within  both  kinds  of  spherulites. 
They  consist  in  some  cases  of  a  comparatively  narrow  zone 
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marked  by  an  accumulation  of  colored  ingredients,  iron-bearing 
microlites,  or  by  a  somewhat  more  compactly  crystallized  ahell 
in  the  porous  apherulites.  Such  variation  in  the  crystallization 
of  radiating  crystals. ia  due  to  changes  of  saturation  in  the  liquid 
magma  arising  from  the  rapidity  of  crystallization  of  the  pris- 
moid  minerals.  For  a  sudden  rush  of  crystallization  may  liber- 
ate sufficient  heat  to  reduce  the  saturation  of  the  surrounding 
liquid  and  even  stop  the  separation  of  solid  material  until  the 
diETusion  of  the  heat  permits  saturation  to  rise  again.  A  pul- 
sation of  crystallization  in  rapidly  solidifying  liquids  can  be 
observed  in  the  laboratory  under  favorable  circumstances. 


Fig.  64. 

Hollow  Spherulites.  —  Some  of  the  porous  spheruUtes 
have  openings  in  them  of  considerable  size,  evidently  made  by 
the  shrinkage  of  the  substance  within  the  spherulite,  for  the 
openings  take  the  form  of  gaping  cracks,  or  cavities,  which  open 
toward  the  middle  of  the  spherulite  and  do  not  extend  beyond 
its  outer  surface,  Fig.  64.  The  evident  shrinkage  must  have 
followed  a  considerable  condensation  of  the  magma  from  a 
liquid  state,  when  there  was  gas  in  solution,  to  that  of  crystal- 
lized feldspar  and  quartz,  the  gas  having  separated  to  occupy 
spaces  between  the  crj-stals.  The  distinction  between  this 
mode  of  crystallization  and  that  resulting  in  an  ordinary,  com- 
pact aggregation  of  conserted  crystals  of  quartz  and  feldspar 
lies  in  the  rapidity  with  which  slender  prisms  of  feldspar  rush 
outward   through   a  liquid   magma   and   capture   a  spheroidal 
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body  of  it,  eatabtiahing  an  outer  boundary  by  the  rapid  forma- 
tion of  a  shell  of  closely  set  minuter  crystals.  This  structure 
appears  to  be  strong  enough  in  moat  cases  to  resist  compression 
from  the  surrounding  matrix  when  subsequent  crystallization  of 
the  magma  between  the  feldspar  prisms  results  in  the  condensa- 
tion already  noted.     Cases  are  known  in  which  the  spherulitic 


Fio,  65.  Crushed  Hollow  Spheholites.     (Ctobs,  U.  S.  Geological  Survey.) 

shells  were  not  strong  enough  to  resist  the  pressure  of  the  sur- 
rounding liquid  magma  and  collapsed,  or  fractured  so  as  to 
permit  the  magma  to  enter  the  cavity,  Fig.  65,  from  rhyolitic 
lava,  Rosita  Hills,  Colo.  But  in  these  cases  the  viscosity  of  the 
magma  was  such  that  it  did  not  completely  fill  the  cavity  within 
the  spherulite.  When  ordinary  crystallization  takes  place 
toward  separated  centers,  the  necessary  condensation  is  accora- 
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panied  by  the  shriiikiiig  of  the  liquid  magma  and  the  drawiog 
nearer  together  of  the  centers  of  crystallization. 

LiTHOPHYs-E.  —  When  considerable  shrinkage  takes  place  in 
spherulites  having  concentric  zones  of  different  denseness  of 
crystallization  there  result  concentric  shells  with  hollow  spaces 
between,  which  have  been  called  lithophys*;,'  or  stone  bubbles. 
These  structures  may  be  of  great  delicacy,  composed  as  they  are 
of  minute  crystals  of  feldspar,  quartz,  and  tridymite,  which  some- 
times adhere  but  slightly  to  one  another,  and  seem  in  many  cases 


Fio.  66.    LrreoPHTSA  in  Obsidian. 

to  have  resulted  from  a  recrystatlization  of  the  first  formed  crys- 
tals by  the  gases  escaped  from  the  crystallized  magma.  With 
them  is  associated  fayalite,  an  orthosilicate  of  iron. 

One  form  of  lithophysa  in  compact  obsidian  is  shown  in  Fig.  66, 
in  which  the  delicacy  of  the  concentric  shells  and  the  presence 
of  an  outer,  more  substantial  shell  are  seen.  In  the  laminated 
rock  most  of  the  Uthophysic  are  hemispherical  or  disk-shaped. 
The  concentric  shells  partly  curve  over  one  another  like  the  petals 
of  a  rose,  Fig.  67.  In  some  cases  they  are  quite  eccentric  in 
shape.  Other  forms  of  HthophysEe  in  lithoidal  rock  are  shown  in 
Fig.  68,  The  original  idea  that  they  resulted  from  the  expan- 
sion of  gas  bubbles  within  the  magma  is  disproven  by  the  fact 
that  they  have  the  radially  prismoid  structure  of  spherulites  and 
certain  other  characters  that  may  be  represented  by  Figs.  69-75. 
Thus  there  are  porous,  radially  prismoid  spherulites  partly  hollow 

■  von  Richthofen,  F.    Jahrb.,  k.  k.  geol.  Rfichsanst.,  vol.  11,  1860,  p.  180. 


LITHOPHYS^ 


Fi<3.  C7,   LiTHOPHTSA.     (Merrill,  National  Muaeum.) 


Fio.  08.  LiTuoPHVs.E.     (Merrill,  National  Museum.) 
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as  in  Fig.  69.  In  some  instances  such  spherulites  are  trav- 
ersed by  parallel  bands,  in  continuation  of  the  planes  of  lamina- 
tion in  the  groundmass  of  the  rock,  Fig.  70.  Spherulites  with 
concentric  shells  of  growth  are  represented  by  hollow  forms  in 
which  the  denser  zones  appear  as  thin  shells  coated  with  crystals, 
Fig.  71.  There  are  varieties  of  these  crossed  by  layers  in  con- 
tinuation of  planes  of  lamination  in  the  rock,  Fig.  72.  The 
hemispherulite  with  concentric  zones,  when  developed  in  a  narrow 
layer  within  laminated  rock,  spreads  into  the  shape  of  a  flattened 
disk,  the  bands  farthest  from  the  center  being  narrow  segments  of 
spherical  shells,  Fig.  73  and  Figs.  67  and  68.  Such  forms  are 
sometimes  traversed  by  layers  parallel  to  and  in  continuation 
of  planes  of  lamination  in  the  rock.  Fig.  74.  In  some  instances 
there  are  gas  spaces  in  the  rock  connected  with  lithophysae  in 
such  a  manner  as  to  appear  to  be  the  result  of  expanded  gas. 
Fig.  75.  But  it  can  be  demonstrated  that  the  concentric  shells 
are  not  the  result  of  expanding  gas,  but  of  pulsating  spherulitic 
crystallization  accompanied  by  contraction  of  the  original 
magma  upon  passing  into  the  crystal  phase.* 

The  ESSENTIAL  CHARACTERISTIC  OF  SPHERULITIC  CRYSTALLIZA- 
TION is  the  mode  of  aggregation  of  crystals  which  may  be  pris- 
moid  or  tabular  and  may  take  on  any  outward  form  as  an 
aggregation.  The  necessary  mode  of  arrangement  is  radiating, 
it  may  be  from  a  single  point  or  from  a  number  of  points  near 
one  another.  If  radiation  takes  place  from  one  or  more  points 
in  a  cluster,  and  proceeds  at  nearly  the  same  rate  in  all  directions, 
the  resulting  aggregation  of  radiating  crystals  is  spheroidal  in 
shape.  If  the  rate  of  growth  is  more  rapid  in  certain  directions 
than  in  others,  the  shape  of  the  aggregation  is  that  of  a  curved 
body,  plumose  or  more  irregularly  shaped.  If  the  centers  of 
radiation  are  in  a  line  the  resulting  aggregate  is  cylindrical, 
straight,  or  curved,  called  an  axiolite.  If  the  centers  are  in  a 
plane  the  slightly  radiating  crystals  form  a  layer  like  the  pile  of 
velvet,  which  in  section  resembles  a  slightly  radiating  fringe, 
Fig.  76,  from  Rosita  Hills,  Colo. 

Compound  spherulites  sometimes  grow  to  great  size.  In 
Colorado,  at  Silver  Cliff,  they  reach  a  diameter  of  over  ten  feet 

1  Iddin^s,  J.  P.  Seventh  Ann.  Rep.,  TJ.  S.  Geological  Survey,  1888> 
pp.  266  and  285. 
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in  some  instances.'  They  appear  to  have  been  formed  by  the 
rapid  growth  of  rays  of  plumose  spherulitic  aggregates  outward 
from  a  central  core  and  the  final  radial  growth  of  a  denser  layer 
forming  an  outer  spherical  shell,  Fig.  77.  The  whole  of  the 
inclosed  rock,  or  magma,  is  not  necessarily  crystallized  in  radial 
arrangement.  It  may  even  be  glassy  in  part.  The  character  of 
the  crystallization  is  the  same  as  that  of  spherulites  composed  of 


Fio.  7fi.  Spherulitic  Crystallization.    (Ctom,  V.  S.  Geological  Survey.) 

branching  feldspar  prisms.  They  are  in  the  nature  of  skeleton 
spherulites,  and  suggest  such  rapid  growth  that  the  plumose  rays 
shut  in  as  inclusions  between  them  much  magma  that  solidified  in 
other  ways. 

In  some  instances  the  constituent  crystals  of  spherulites  are  so 
delicate  that  they  are  with  difficulty  recognized  by  a  microscope 
as  being  present.  Their  presence  and  arrangement  are  indicated 
by  their  optical  behavior  between  crossed  nicols,  showing  double 
refraction  of  radiating  fibers, 

'  Ck»88,  W.  C.    Bulletin  Phil.  WaBhington,  vol.  II,  1892,  pp.  411-443. 
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Fig.  77.   Compound  Spheruutf.     (Cpobs,  U.  S.  Geological  Survey.) 

HOHOGEHEOUS  AHD  HETEROGEnEOUS  TEXTURES 

If  a  homogeneous  texture  be  defined  as  that  of  a  rock  the  cycle 
of  whose  crj'stallization  has  been  alike  throughout  considerable 
volumes  of  the  rock,  then  heterogeneous  texture  would  be  that 
texture  in  which  in  closely  neighboring  parts  of  a  rock  the  cycle 
of  crystallization  was  different.  That  is,  within  short  distances 
of  each  other  the  fabric  may  be  evenly  granular,  micrographic, 
epherulitic,  or  otherwise.  Homogeneous  texture  may  be  pro- 
duced by  changes  in  the  rate  or  character  of  crystallization, 
as  in  the  case  of  porphyritic  fabric,  but  in  this  case  the  same 
changes  must  have  affected  adjacent  parts  of  the  magma  alike. 
Homogeneous  texture  may  be  highly  complex  and  have  an  intri- 
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cate  fabric.  In  a'  rock  possessing  a  heterogeneous  texture, 
differing  from  place  to  place  in  either  crystallinity,  granularity, 
or  fabric,  or  in  all  three,  it  is  evident  that  the  magma  must  have 
been  heterogeneous  in  composition  or  physical  character,  or  both. 
An  excellent  example  of  heterogeneous  texture  is  the  rock  of 
Obsidian  Cliff,  Yellowstone  National  Park,  which  is  for  the  most 
part  microlitic  glass  with  irregularly  scattered  spherulites  of 
various  sizes,  with  cylinders,  streaks,  and  layers  having  micro- 
spherulitic  fabric,  and  lithophysse.  Holocrystalline  portions 
mingle  with  highly  glassy  portions,  and  porous  textures  with 
compact  ones.  A  study  of  the  rock  has  shown  4ihat  the  hetero- 
geneity of  the  magma  was  probably  confined  to  a  variable  con- 
tent of  water  vapor  or  gas  which  affected  the  molecular  mobility 
or  the  liquidity  of  the  magma  and  controlled  the  mode  of  crystal- 
lization in  various  parts.  Similar  variations  in  texture  occur  in 
many  highly  siliceous  lavas  and  are  probably  due  to  like  causes. 
The  more  viscous  the  magma  the  greater  the  likelihood  of  there 
being  an  irregular  distribution  of  gas  which  may  have  entered 
the  magma  from  inclosing  rocks.  The  less  siliceous  and  more 
fluid  magmas  seldom  exhibit  such  heterogeneity  of  texture. 

Another  case  of  heterogeneous  texture  is  found  in  rocks  often  of  inter- 
mediate composition,  but  also  in  others,  in  which  in  certain  spots  all  the 
mineral  components  appear  in  relatively  large  crystals  compared  to  those  in 
surrounding  portions  of  the  rock.  Apparently  at  these  spots  conditionB 
existed  favorable  to  the  formation  of  large  crystals.  These  were  most 
likely  greater  molecular  mobility  of  the  magma,  probably  produced  by  a 
slightly  greater  content  of  gas,  for  a  small  amount  that  would  initiate  crys- 
tallization would  remain  in  the  liquid  since  it  does  not  enter  into  the  com- 
position of  most  of  the  crystallizing  solids. 

Heterogeneous  texture  is  characteristic  of  most  pegmatite  rocks,  espe- 
cially those  composed  of  feldspar  and  quartz.  In  them  coarsely  graphic 
fabric  and  radial  fabric  commonly  mingle  with  granular  consertal  fabric, 
which  may  be  equigranular  in  some  places  and  inequigranular  in  others,  often 
varying  greatly  in  granularity. 

Laminated,  Banded,  or  Primary  Gheissic  Texture. — Textures 
that  may  be  described  by  any  of  these  terms  resemble  one  another 
in  being  more  or  less  laminated,  or  in  consisting  of  nearly  paral- 
lel layers  of  different  kinds  of  minerals  or  of  tabular  ones. 
But  they  differ  in  individual  cases  with  regard  to  the  essential 
character  of  the  texture.     Several  types  of  cases  may  be  recog- 
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nized  as  distinct  in  origin,  but  they  may  be  blended  in  particu- 
lar rocks  whose  texture  may  be  due  to  several  causes,  each  of 
which  might  alone  p/oduce  lamination.  In  some  cases  the 
texture  may  be  homogeneous  and  the  rock  homogeneous  in 
composition;  in  others  the  texture  may  be  heterogeneous  and 
the  rock  essentially  homogeneous  in  composition.  In  still 
other  cases  the  rock  may  be  heterogeneous  in  composition  and 
the  texture  homogeneous  or  heterogeneous.  Examples  of  these 
cases  are  as  follows: 

1.  Rocks  that  are  homogeneous  in  composition  and  texture 
may  be  characterized  by  parallel  or  subparallel,  tabular  or 
prismatic  crystals  of  mica,  feldspar,  or  hornblende,  which 
produce  a  laminated  texture,  which  may  occur  in  a  porphyritic 
rock  or  in  a  granular,  nonporphyritic  one.  This  is  the  texture 
of  some  gneissic  rocks,  which  may  be,  in  certain  cases,  unaltered 
igneous  rocks  in  which  some  of  the  crystals  were  arranged  in 
nearly  parallel  position  by  the  movement  or  flow  of  the  magma 
while  crystallizing.  Such  a  primary  gneissic  texture  is  shown 
in  the  Twilight  granite  in  the  Needle  Mountains  Quadrangle, 
Colorado,  Fig.  78,  which  was  intruded  between  layers  of  amphi- 
bolite  across  which  the  granite  has  sent  narrow  offshoots  of 
pegmatite.*  The  appearance  is  due  to  the  arrangement  of 
mica  in  parallel  position  and  in  streaks.  In  the  phanerocrys- 
talline  granular  rock  (pulaskose)  of  Mount  Johnson,  Quebec* 
a  laminated  texture  is  due  to  the  parallel  arrangement  of  tabu- 
lar or  prismoid  feldspars. 

2.  Rocks  that  are  homogeneous  in  composition  but  are  hetero- 
geneous in  texture  and  exhibit  lamination  are  common  among 
the  highly  siliceous  lavas,  and,  strictly  speaking,  were  not  homo- 
geneous in  composition  when  liquid  magmas,  but  contained 
different  amounts  of  water  vapor  or  gas  in  different  parts  of 
the  magma.  An  excellent  example  is  furnished  by  the  lithoidal 
portion  of  the  rock  of  Obsidian  Cliff,  which  consists  of  thin 
layers  alternately  dense  and  microspherulitic,  or  porous  and 
phanerocrystalline,  almost  equigranular.  The  lamination  is  due 
to  the  spreading  of  the  lava  during  its  flow,  whereby  slightly 
heterogeneous  portions  of  any  shape  become  more  and  more 

*  Cross,  W.    U.  S.  Geological  Survey,  Needle  Mountains,  Folio  131,  Fig.  11. 

*  Adams,  F.  D.    Jour.  GeoL,  vol.  11,  1903,  p.  260. 
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flattened,  lenticular  to  discoid  in  shape,  and  eventually  appear 
as  thin  parallel  layers,  differing  in  color  and  texture,  which 
together  form  a  continuous  moss  of  rock,'  While  the  process 
of  flowing  and  spreading  must  be  the  same  in  all  kinds  of  mag- 
mas, the  more  fluid  and,  therefore,  the  more  homogeneous  the 


Fio.  78.  Laminated  Granite  with  Offshoots  of  PEtiiiATtTB. 
(Howe,  U.  S,  Geological  Survey.) 

magma  the  less  sign  of  heterogeneity  and  of  lamination  in  its 
fabric. 

3.  Rocks  that  are  heterogeneous  in  composition,  from  causes 
that  are  discussed  in  the  next  chapter,  after  intrusion  or  flow, 
become  laminated  through  the  spreading  out  of  the  differently 
constituted  portions  into  layers  which  may  or  may  not  crystal- 
lize with  like  textures.  Such  rocks  appear  banded  because  the 
layers  are  composed  of  different  minerals,  or  the  same  minerals 
'  Iddings,  J.  P.    Am.  Jour.  Sci.,  vol.  33,  1887,  p.  36. 
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ia  different  proportions.  Examples  of  banded  igneous  rocka 
of  this  kind  are  found  on  the  Isle  of  Skye,  some  being  coarse- 
grained gabbros,  others  peridotites,'  Similar  banded  gabbros 
occur  in  Canada,  where  other  coarse-grained  rocks  exhibit  the 
same  texture  in  a  very  pronounced  manner.  In  eastern 
Ontario,*  syenite,    nephelite-syenite,  corundum-syenite,   and  a 


Fio.  79.  Banded  Nephbutb-Stenitb.    (Adams  and  BaKow.) 

rock  composed  almost  wholly  of  nephelite,  monmouthose,  are 
markedly  laminated  and  gneissic.  The  primary  lamination  in 
the  nephelite-syenite  near  York  River  Bridge,  Dungannon  town- 
ship, is  well  shown  in  Fig.  79. 

Orbicular  texture  in  phanerocrystalline  rocks  is  one  produced 
by  more  or  less  spheroidal  aggregations  of  megascopic  crystals 
of  various  kinds,  arranged  in  diflferent  ways  in  different  occur- 

'  Geilde,  A.,  and  Teall,  J.  J.  H-,  Qaar.  Jour.  Geoi.  Soc.  London,  vol.  50, 
pp.  645-659. 

Barker,  A.  Memoiie.  Geol.  Survey,  United  Kiogdom,  Glasgow,  1904, 
pp.  75,  90,  and  119. 

>  Adams,  F.  D.,  aod  Barlow,  A.  E.,  Traos.  Roy.  Soc.  Canada,  1908. 
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rences,  but  generally  characterized  by  concentric  shells  com- 
posed chiefly  of  one  or  more  of  the  component  minerals.  There 
appear  to  be  several  kinds  of  these  spheroidal  crystallizations 
which  may  have  quite  different  origins/  one  kind  being  in  the 
nature  of  concentrically  arranged  segregations  from  a  supposedly 
homogeneous  magma;  another,  the  recrystallization  and  rear- 
rangement of  the  material  of  an  inclosed  rock  melted  and  partly 
blended  or  dissolved  in  the  inclosing  magma.  The  discussion 
will,  therefore,  involve  the  subject  of  segregation  of  minerals 
in  an  igneous  magma,  on  the  one  hand,  and  the  problem  of  the 
melting  and  solution  of  inclosed  rocks  by  molten  magmas,  on 
the  other. 

Of  the  first  kind  are  certain  spheroidal  aggregations  that 
consist  at  the  center  of  large  feldspar  crystals  with  a  somewhat 
radial  arrangement,  the  outer  portion  of  the  spheroid  consist- 
ing of  more  or  less  well-defined  concentric  layers  rich  in  mica 
or  hornblende.  They  seem  to  have  a  close  analogy  with  the 
large  feldspar  phenocrysts,  microcline,  in  rapakiwi  granite  in 
Finland  and  elsewhere,  which  often  carry  a  spheroidal  layer  or 
layers  of  inclusions  of  mica  and  hornblende,  with  some  quartz 
and  an  outer  zone  of  oligoclase.  In  certain  cases  of  spheroidal 
aggregations  the  spheroids  are  not  larger  than  the  largest 
phenocrysts  in  rapakiwi,  consist  of  large  multiple  feldspars, 
somewhat  radially  arranged,  that  is,  forming  radiating  segments 
of  a  spheroid.  The  outer  portions  of  these  spheroids  are  made 
up  of  crystals  of  mica,  hornblende,  and  feldspar  (Wirvik,  Fin- 
land; and  Fonni,  Sardinia).  This  kind  of  aggregation  appears 
to  be  one  caused  by  a  very  uniform  growth  of  feldspar  in  one 
crystal  or  radial  aggregation  of  crystals,  which  excluded  the 
ferromagnesian  constituents  until  their  accumulation  super- 
saturated the  magma  in  a  spheroidal  zone  to  such  an  extent 
that  they  separated  in  crystals  about  the  feldspar  nucleus.  This 
process  might  repeat  itself  until  several  alternating  zones  of 
hornblende,  biotite,  and  feldspar  were  formed. 

In  most  cases  the  kernel  of  the  spheroid  is  a  granular  aggre- 
gate usually  of  several  kinds  of  minerals,  feldspar,  with  quartz, 

*  Chnistschoff,  K.  von.  Uber  holokrystalltne  makrovariolithische  Ge»- 
teine.  M^moires  Acad.  Imp.  Sci.  St.  P^terebourg,  VII  S^rie,  vol.  43,  No.  3, 
1894,  pp.  1  -245. 
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mica,  or  hornbletide  as  the  chief  constituents.  The  fabric  of 
the  kernel  reay  be  without  radial  or  concentric  arrangement 
of  any  of  the  components;  resembling  the  fabric  of  the  sur- 
rounding rock,  but  differing  from  it  in  the  proportions  of  the 
minerals,  as  is  the  case  with  some  of  the  spheroids  in  granite 
near  Fonni,  Sardinia,  Fig.  80.  The  kernel  is  surrounded  by 
concentric  spheroidal  zones,  usually  rich  in  biotite  and  horn- 
blende, with  zones  rich  in  feldspar,  the  character  of  the  feldspar 


Fia.  80.    Spheroid  from  Uhanite,  Sardinia.     (Merrill,  National  Museum.) 

differing  in  different  rocks.  Usually  the  composition  of  the 
spheroid  is  richer  in  lime,  iron,  and  magnesia  and  poorer  in  silica 
than  the  surrounding  rock,  as  though  there  had  been  a  segrega- 
tion of  ferromagnesian  and  calcic  minerals  in  the  spheroid  from 
the  magma.  Less  frequently  the  spheroids  are  more  siliceous 
and  poorer  in  ferromagnesian  minerals  and  feldspars  than  the 
surrounding  rock.  This  is  the  case  with  the  orbicular  granite  at 
Hne  Lake,  Ontario.'  In  either  case  it  appears  that  it  is  the 
'  Adams,  F.  D.     Bulletin  Geol.  Soc.  Am.,  vol.  9,  1898,  pp.  163-172. 


248  TEXTURE  OF  IGNEOUS  ROCKS 

compound  with  the  highest  degree  of  saturation  in  the  magma 
solution  that  segregates  from  it.  Fine  Lake  rock  has  78.83  Si02, 
the  spheroid  81.43  SiOa-  The  rock  has  about  42  per  cent  of 
quartz,  the  spheroid  about  6S  per  cent  quartz. 

In  some  cases  there  is  a  noticeable  radial  arrangement  of  the 
minerals  in  the  spheroid,  as  in  those  of  the  hornblende-granite 
of  Rattlesnake  Bar,  Cal.,  in  which  amphibole,  feldspar,  and  iron 
oxides   are   arranged    more   or   less   radially,   without   definite 


Fia.  81.    Orbicclah  Texture  in  Diorite,  Corsica.     (Merrill, 
NatioDEkl  MuBeum.) 

crystallographic  orientation,  however.  The  radial  arrange- 
ment becomes  more  pronounced  in  the  outer  zones  of  the  sphe- 
roid. This  is  the  arrangement  in  spheroids  in  diorite  from 
Corsica,  Fig.  81,  in  which  the  central  portion  consists  of  gran- 
ular diorite,  the  surrounding  zones  in  part  of  radial  crystals  of 
bytownite  feldspar,  in  part  of  feldspar  with  abundant  horn- 
blende and  pyroxene.  Similar  spheroidal  rocks  occur  at  Altai, 
Siberia,  Kunnerdorf,  Silesia,  and  elsewhere. 

In  certain  cases  it  appears  as  though  the  spheriods  resulted 
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from  the  fudoQ  and  partial  solution  or  blending,  and  subsequent 
crystallisation,  of  mineral  aggregations  differing  in  composition 
from  the  surrounding  magma.  Such  inclosed  rock  fragments 
may  have  been  segregations  from  the  magma  of  the  rock  in 
which  they  subsequently  appeared  as  inclusions,  or  they  may 


Fig.  82.    Orbicular  Texture,  Virvik,  Finland.     (Merrill, 
National  Museum.) 

have  been  fragments  of  other  kinds  of  rock  picked  up  by  the 
molten  magma.  Since  they  have  been  more  or  less  completely 
'  melted  and  reerystallized  their  original  character  is  often  inde- 
terminable. No  attempt  will  be  made  in  this  place  to  discrimi- 
nate between  the  two  cases. 

The  spheroidal  granite  at  Virvik,  near  Borga,  Finland,  is  an 
example  of  the  diversified  character  of  these  textures,  several 
kinds  of  spheroids  occurring  in   the  same   rock  according  to 
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Frosterus.*  The  more  remarkable  variety  is  shown  in  Fig.  82. 
These  spheroids,  20  to  30  cm.  in  diameter,  have  very  irreg- 
ular shapes  that  suggest  corrosion  of  more  regularly  shaped 
ellipsoids.  The  central  part  is  nearly  spherical,  and  in  some 
instances  consists  of  a  granular  aggregation  of  feldspar  and 
biotite,  in  others  of  a  single  individual  of  oligoclase-albite.  The 
outer  zones  consist  of  biotite  with  variable  amounts  of  feldspar, 
and  may  be  40  to  50  in  number.  The  spheroids  appear  to  have 
been  crowded  together  and  distorted,  fractured,  or  dissolved  to 
different  degrees  as  the  illustration  shows.  This  may  have  hap- 
pened when  the  shells  of  mica  had  crystallized,  but  before  the 
feldspar  had  solidified,  and  while  the  surrounding  magma  was 
still  liquid. 

An  excellent  example  of  partially  dissolved  fragments  reciystallised  as 
spheroids  occurs  in  the  granite  of  Kangasniemi,- Finland.'  According  to 
Frosterus  the  kernel  in  most  of  the  spheroids  appears  to  be  an  inclusion  of 
gneiss,  sometimes  changed  by  magmatic  action  to  a  granitic  character.  It 
consists  chiefly  of  biotite,  oligoclase,  and  quartz,  with  very  little  potash-feld- 
spar. The  concentric  zones  differ  in  composition  in  the  following  order: 
next  to  the  kernel  is  a  zone  of  coarse-grained  andesine;  with  this  are  small 
amounts  of  oligoclase,  potash-feldspar,,  quartz,  and  mica.  The  second  zone 
is  a  fine-grained  aggregation  of  biotite,  andesine,  orthoclase,  and  quartz, 
with  small  amounts  of  oligoclase.  This  is  followed  by  a  zone  of  micro- 
cline  radially  arranged  and  carrying  quartz  graphically  intergrown.  The 
outermost  zone  is  a  fine-grained  aggregation  of  andesine,  with  some  potash- 
feldspar,  more  quartz  than  in  the  inner  portion  of  the  spheroid,  and  some 
biotite.  The  surrounding  rock  consists  of  potash-feldspar,  albite  or  oligo- 
clase, quartz,  and  biotite. 

It  is  to  be  remarked  in  this  connection  that  the  segregations  by  crystalli- 
zation from  an  igneous  ma.gma  often  assume  textures  veiy  similar  to  those 
of  gneissic  rocks,  so  that  the  presence  of  laminated  fabric  in  the  central  por- 
tion of  a  spheroidal  aggregation  should  not  be  used  as  a  means  of  determining 
its  original  character. 

»  Frosterus,  B.     Tscher.  Min.  petr.  Mitth.,  vol.  13,  1893,  p.  177. 

'  Frosterus,  B.    Bulletin  Com.  G^l.  Finland,  No.  4,  Helsinfors,  1896. 
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DIFFERENTIATION  OF  ROCK  MAGMAS 

EVIDENCES  OF  DIFFERENTIATION 

When  a  magma  solution  crystallizes  into  minerals  of  different 
kinds  it  is  sometimes  said  to  be  differentiated  into  its  com- 
ponent minerals,  but  this  is  not  the  ordinary  application  of  the 
term  dipferenti ation  to  igneous  rocks .  By  it  is  commonly  meant 
the  separation  or  splitting  up  of  a  homogeneous  rock  magma 
into  chemically  unlike  portions.  Evidences  of  such  separation 
or  differentiation  may  be  classed  under  two  categories: 

1.  One  body  of  igneous  rock  may  have  different  chemical 
compositions  in  different  parts  of  it,  which  may  either  (a)  be 
localized  with  respect  to  its  boundary  or  form,  or  (b)  may  not 
be  referable  to  the  form  of  the  rock  body. 

2.  Rock  bodies  of  various  chemical  compositions  may  be 
associated  in  such  a  regular  manner  with  reference  to  their 
place  of  occurrence  and  their  time  of  eruption,  and  may 
possess  such  chemical  characteristics,  that  their  previous  exist- 
ence as  components  of  a  homogeneous  magma  is  clearly  indi- 
cated. Each  of  these  groups  of  evidences  of  differentiation  will 
be  described  briefly  and  the  possible  conditions  or  causes  giving 
rise  to  them  will  be  discussed. 

(1)  Igneous  Rocks  Differing  in  Chemical  Composition  in 
Different  Parts. — (a)  Variation  in  Composition  Localized 
WITH  Reference  to  the  Form  or  Boundary  op  the  Par- 
ticular Rock  Body.  —  Examples  of  this  kind  of  variation  are 
found  in  some  dikes  of  igneous  rocks  in  which  the  margins,  or 
parts  adjacent  to  the  walls,  have  different  chemical  and  mineral 
composition  from  the  central  portion.  More  commonly  the 
sides  of  these  dike  rocks  are  richer  in  the  ferromagnesian  com- 
pounds and  poorer  in  feldspars  and  quartz.  In  some  cases, 
however,  the  reverse  is  true,  the  margins  being  the  more  sili- 
ceous or   more  feldspathic.     It  rarely  happens  that  intruded 
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sheets  or  sills  exhibit  differences  of  composition  in  the  central 
and  surface  portions.  In  one  intrusive  sheet  among  many 
associated  sheets  at  Electric  Peak,  Yellowstone  National  Park, 
there  is  a  notable  difference  in  composition  between  the  upper 
and  lower  parts  of  the  sheet  which  was  undoubtedly  produced 
by  differentiation.  In  some  laccoliths,  particularly  those  of 
Square  Butte  ^  and  Shonkin  Sag,'  Highwood  Mountains,  Mon- 
tana, there  are  marked  differences  of  composition,  the  less 
siliceous  portions,  richer  in  ferromagnesian  compounds,  being 
located  along  the  margin  or  walls  of  the  dome-shaped  lacco- 
liths. In  a  large  intruded  mass  of  highly  siliceous  feldspathic 
rock  at  the  southern  end  of  the  Gallatin  Mountains,  Yellow- 
stone National  Park,*  the  margin  of  the  body  is  more  siliceous 
than  the  central  portion.  In  the  dome-like  intrusion  of  Mount 
Johnson,  Quebec/  the  outer  portion  is  richer  in  feldspar,  the 
ferromagnesian  constituents  becoming  more  abundant  toward 
the  central  part  of  the  mass. 

(6)  Differences  in  Composition  not  Locally  Referable 
TO  THE  Form  or  Boundary  of  the  Body  of  a  Particular 
Igneous  Rock  are  of  two  classes:  (ftj)  one  where  the  rock 
varies  in  composition  from  place  to  place  in  such  a  manner  that 
it  appears  to  have  been  heterogeneous  before  it  was  intruded 
and  before  it  crystallized;  (62)  another  in  which  the  igneous 
rock  carries  masses  of  rock  composed  of  minerals  resembling 
those  in  the  surrounding  rock,  but  in  different  proportions,  as 
though  certain  components  of  the  igneous  magma  had  been 
segregated  from  the  magma. 

Examples  of  the  first  class  are  found  in  some  large  bodies  of 
rocks  composed  chiefly  of  lime-soda-feldspar,  pyroxene,  and  iron 
oxide,  gabbro,  which  vary  in  proportions  in  alternate  layers, 
producing  a  broadly  banded  texture  resembling  some  gneisses. 
The  lamination  was  produced  by  the  flowing  of  a  heterogeneous 
magma.     Such  rocks  occur  on  the  Isle  of  Skye,®  both  in  large 

*  Weed,  W.  H.,  and  Pirsson,  L.  V.  Bulletin  Geol.  Soc.  Am.,  vol.  6, 1S95, 
pp.  389^22. 

»  Pireson,  L.  V.     U.  S.  Geological  Survey,  Bulletin  237,  1905,  p.  43. 
'  Monograph  32,  U.  S.  Geological  Survey,  1899,  pp.  64-69. 

*  Adams,  F.  D.     Jour.  Geol.,  vol.  11,  1903,  p.  260. 

*  Geikie,  A.,  and  J.  J.  H.  Teall.  Quar.  Jour.  Geol.  Soc.  London,  vol.  50, 
pp.  645-659,  and  Harker,  A.,  Memoirs,  Geol.  Survey,  United  Kingdom, 
Glasgow,  1904,  p.  90  and  p.  119. 
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bodies  and  in  narrow  dikes;  in  Quebec,  Canada,^  and  elsewhere. 
Similar  heterogeneity  obtains  in  certain  igneous  rocks  com- 
posed of  olivine,  pyroxene,  some  feldspar,  and  other  minerals  in 
smaller  amounts,  peridotite.  Layers  or  streaks  richer  in  one 
or  two  of  these  minerals  and  poorer  in  the  others  alternate 
with  one  another  in  large  intrusive  bodies  of  this  kind  of  rock 
in  the  Cuillin  Mountains,  Isle  of  Skye.*  The  heterogeneity 
may  show  itself  in  blotches  or  irregular  patches,  as  well  as  in 
layers  or  bands.  It  is  known  in  this  form  in  some  granitic 
rocks,  and  such  streaks  have  generally  been  called  schlieren. 
This  kind  of  banding  is  highly  developed  in  nephelite-syenite 
in  eastern  Ontario,*  which  in  places  is  chiefly  feldspar,  in 
places  almost  wholly  nephelite,  with  schlieren  of  biotite  and  a 
thoroughly  gneissic  texture,  illustrated  in  Fig.  79,  p.  245. 

In  some  cases  the  variation  in  composition  is  gradual  from 
one  part  of  a  rock  body  to  another  without  repetition,  as  though 
the  molten  magma  differed  in  composition  gradually  through  large 
volumes,  as  at  Yogo  Peak  *  and  at  Haystack  Mountain,*  Mont. 

Examples  of  the  second  class,  or  of  segregated  parts  of  igne- 
ous magmas,  are  of  frequent  occurrence,  being  found  in  almost 
all  kinds  of  igneous  rocks.  The  segregations  resemble  blocks  or  . 
fragments  of  rock  caught  up  by  the  magma  during  eruption. 
They  generally  differ  from  the  inclosing  rock  by  containing 
more  ferromagnesian  compounds,  hornblende,  pyroxene,  olivine, 
biotite,  etc.,  these  minerals  occurring  in  the  main  rock,  often 
with  the  same  chemical  and  optical  characteristics,  or  with 
closely  related  ones.  Less  often  the  segregations  are  richer  in 
quartz  or  feldspar  than  the  surrounding  rock.  The  texture  of 
the  segregated  portion  usually  fliffers  from  that  of  the  rock 
itself,  being  generally  coarser  grained,  often  very  coarse-grained. 
The  fabric  of  the  segregations  may  vary  greatly  in  neighboring 
fragments  or  blocks,  being  nearly  equigranular  in  one,  porphy- 
ritic  in  another,  notably  banded  and  laminated  in  others.*    In 

»  Adams,  F.  D.     Jour.  Geo!.,  vol.  11,  1903,  pp.  239-282. 

'  Harker,  A.     Loc.  cit.,  p.  75. 

'  Adams,  F.  D.,  and  Barlow,  A.  E.     Trans.  Roy.  Soc.  Canada,  1908. 

*  Weed,  W.  H.,  and  Pirsson,  L.  V.     Am.  Jour.  Sci.,  vol.  50,  1895,  pp.  467 
and  479. 

•  Emmons,  W.  H.     Jour.  Geol.,  vol.  16,  1908,  pp.  193-229. 

»  Cross,  W.    Telluride  Folio,  No.  57,  Geological  Atlas,  U.  S.  Geological 
Survey,  1899. 
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some  occurrences  the  resemblance  to  schistose  and  gneissic 
textures  of  metamorphic  rocks  is  striking  and  deceptive.  The 
distinctive  features  of  the  segregations  are  the  similarity  of 
the  component  minerals  to  those  of  the  inclosing  rock  and  the 
absence  of  true  metamorphic  textures. 

Segregations  have  also  been  called  endogenous  inclusions. 
They  appear  to  have  been  early  crystallizations  in  a  magma, 
and  in  some  cases  may  have  formed  large  bodies  that  were 
broken  and  carried  up  as  fragments  by  the  magma  when  it  was 
erupted. 

(2)  Igneous  Rocks  of  Different  Compositions  Associated  in 
Regular  Manner  with  Reference  to  Place  of  Occurrence  and 
Time  of  Eruption,  and  Possessing  Certain  Chemical  Character- 
istics. —  Evidence  as  to  the  derivation  of  separate  and  diverse 
rock  bodies  by  differentiation  from  some  common  parent  magiha 
rests  upon  a  number  of  factors  involving  (a)  their  frequent 
association  in  widely  remote  regions;  (6)  certain  chemical  char- 
acteristics that  distinguish  the  rocks  of  particular  regions;  and 
(c)  the  relation  between  the  composition  and  order  of  eruption 
of  different  rock  bodies. 

(a)  The  association  of  different  kinds  of  rocks  in  a  similar 
manner  in  volcanic  regions  in  various  parts  of  the  earth  was 
noted  by  Scrope,*  Darwin,'  Dana,'  and  others,  and  was  con- 
sidered by  them  to  indicate  that  all  of  the  volcanic  rocks  of  one 
region  are  derived  by  some  process  of  separation  from  a  com- 
mon or  parent  magma.  It  commonly  happens  that  in  one 
volcanic  region  there  are  rocks  rich  in  silica  and  alkalic  feld- 
spars, rhyolites,  and  those  rich  in  ferromagnesian  minerals  and 
lime-soda-feldspars,  basalts,  and  various  rocks  whose  compo- 
sition is  intermediate  between  these  extremes.  This  associa- 
tion recurs  again  and  again,  as  in  the  volcanic  districts  of  Great 
Britain,  Austro-Hungary,  Italy,  Greece,  and  other  parts  of 
Europe;  in  the  districts  of  Tertiary  volcanic  eruptions  in  many 
localities  in  the  Rocky  Mountains,  the  Great  Basin,  and  the 
Cordilleran  ranges  within  the  United  States;  and  in  other  parts 
of  the  world.     A  similar  association  of  different  kinds  of  coarsely 

*  Scrope,  G.  P.     Volcanos,  London,  1825. 

'  Darwin,  Charies.     Volcanic  Islands,  London,  1844. 

*  Dana,  J.  D.     U.  S.  Exploring  Expedition,  Charles  Wilkes,  U.  S.  N., 
vol.  10,  Geology,  Philadelphia,  1849. 
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crystalline,  intrusive  rocks  occurs  almost  universally.  But  the 
variations  in  composition  both  as  to  kind  and  extent  are  not 
the  same  in  all  cases,  though  very  similar  in  many  localities. 
Fuller  statements  and  discussions  of  these  variations  will  be- 
found  in  subsequent  parts  of  this  book,  Volume  II. 

(6)  When  the  chemical  composition  of  the  different  kinds  of 
rocks  associated  together  in  different  volcanic  regions  is  investi- 
gated closely,  it  appears  that  there  are  chemical  characteristics 
that  relate  the  rocks  of  one  region  to  one  another  and  distin- 
guish them  from  the  rocks  of  some  other  region.  Thus  most 
of  the  volcanic  rocks  of  central  Italy  are  characterized  by 
relatively  high  percentages  of  potassium;  while  most  of  the 
igneous  rocks  of  the  Christiania  region,  Norway,  are  relatively 
rich  in  sodium.  The  volcanic  rocks  of  the  Yellowstone  Park 
have  moderate  amounts  of  potassium  and  sodium;  those  of  the 
Crazy  Mountains,  Montana,  are  richer  in  sodium;  while  the 
igneous  rocks  in  districts  farther  north,  Bearpaw  Mountains  and 
Little  Belt  Mountains,  are  rich  in  potassium.  Differences  with 
respect  to  other  constituents  also  exist.  The  analyses  upon 
which  the  statements  are  based  will  be  found  in  the  second 
volume  of  this  book.  Such  chemical  differences  must  affect 
the  character  and  proportions  of  the  mineral  components  of  the 
rocks  of  different  districts. 

Petrographical  Provinces.  —  A  mineral  and  textural  distinc- 
tion between  igneous  rocks  of  different  regions  was  noted  by 
Vogelsang  *  in  1872  and  expressed  by  the  term  geognostische 
Bezirke.  Subsequently  the  same  distinctions  were  recognized 
by  Judd  in  studying  the  igneous  rocks  of  Hungary  and  Bohemia, 
and  regions  so  distinguished  were  called  pbtrographical  prov- 
inces, which  he  defined  as  those  "within  which  the  rocks  erupted 
during  any  particular  geological  period  present  certain  well- 
marked  peculiarities  in  mineralogical  composition  and  micro- 
scopical structure,  serving  at  once  to  distinguish  them  from  the 
rocks  belonging  to  the  same  general  group  which  were  simul- 
taneously erupted  in  other  petrographical  provinces."^  In 
order  to  emphasize  the  magmatic  relationship  between  rocks  of 
a  petrographical  province,  which  fundamental  relationship  has 

*  Vogelsang,  H.     Zeitschr.  deut.  geol.  Gesellschaft,  vol.  24,  1872,  p.  525. 
'  Judd,  J.  W.     Quar.    Jour.  Geol.  Society,  London,  1886,  vol.  42,  p.  54. 
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been  termed   consanguinity,*   Washington  has  employed  the 
expression  comagmatic  region  ^  for  such  a  province. 

It  follows  from  this  that  certain  kinds  of  rocks,  such  as  those 
composed  chiefly  of  potash-feldspar,  trachytes  or  syenites,  or 
those  characterized  by  quartz  and  lime-soda-feldspar,  dacites  or 
quartz-diorites,  belong  in  particular  local  series  or  groups  and 
are  absent  from  others,  and  that  two  series  from  different  petro- 
graphical  provinces  may  grade  through  similar  ranges  of  silica 
percentages  but  embrace  different  kinds  of  rocks,  as,  for  example, 
the  rocks  of  the  Vesuvian  district  and  those  of  the  Yellowstone 
Park.  Each  local  group  of  igneous  rocks,  however,  is  not 
necessarily  distinguishable  from  every  other  group.  There  are 
many  local  series  of  rocks,  often  in  one  petrographical  province, 
and  also  numerous  provinces  on  the  earth,  the  rocks  of  which 
are  identical  in  minutest  detail,  as  the  rocks  of  the  Great  Basin, 
Idaho,  Utah,  and  Nevada,  and  those  of  Hungary.  Moreover, 
the  boundaries  of  such  provinces  are  not  sharply  drawn  in  nature. 
In  some  regions  the  transition  from  one  province  to  another  is 
abrupt,  in  others  gradual.  Recognizable  chemical  differences 
may  exist  between  groups  of  rocks  within  less  than  a  hundred 
miles  of  one  another,  as  appears  in  the  Wyoming-Montana 
region  from  the  Gallatin  Mountains '  northward  through  the 
Crazy  Mountains  to  the  Little  Belt  Mountains.*  On  the  other 
hand,  broad  general  features  may  prevail  over  vast  areas  of  the 
globe.  Thus  the  great  belt  of  the  Cordillera  stretching  along 
the  western  sides  of  North  and  South  America  abounds  in  volcanic 
rocks  belonging  to  a  nearly  uniform  petrographical  province. 
The  rocks  are  not  specially  rich  in  alkalies,  and  contain  normal 
amounts  of  lime,  magnesia,  and  iron  oxides.  In  North  America 
this  province  extends  eastward  to  the  Rocky  Mountains.  As 
the  front  ranges  of  this  mountain  system  are  approached  there 
is  a  gradual  increase  in  alkalies,  which  show  themselves  in  more 
frequent  alkalic  feldspars  and  in  the  appearance  of  rocks  bearing 
nephelite,  leucite,   and   the  sodic   pyroxenes   and   amphiboles. 

^  Iddings,  J.  P.    Bulletin  Phil.  Soc.  Washington,  vol.  12, 1892,  pp.  128-144. 

'  Washington,  H.  S.  The  Roman  Ck>magmatic  Region.  Carnegie  Insti- 
tution of  Washington,  Publ.  No.  57,  1906. 

'  Iddings,  J.  P.     Jour.  Geol.,  vol.  6,  1898,  p.  106. 

*  Pirsson,  L.  V.  Twentieth  Ann.  Rep.  U.  S.  Geological  Survey,  1900, 
Pt.  3,  pp.  558-676. 
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Such  rocks  occur  in  Montana,  Wyoming,  South  Dakota,  Colorado, 
and  Texas,  also  in  Arkansas  and  in  the  more  eastern  states,  and 
in  Canada.  In  South  America  they  are  known  to  occur  in 
Brazil. 

These  chemical  qualities  or  peculiarities  that  characterize 
the  igneous  rocks  of  particular  groups  are  like  family  traits  of 
character,  and  indicate  an  intimate  relationship  and  a  common 
source  for  all  the  rocks  of  the  group.  They  prove  that  the 
varieties  of  rocks  occurring  at  a  particular  center  of  eruption 
have  been  derived  from  some  magma  common  to  the  district. 
They  are  genetically  related  to  some  parent  magma,  and  are  in 
a  sense  consanguineous.  And  since  the  differences  between  the 
various  rocks  of  one  group  are  similar  to  those  between  various 
chemical  and  mineral  facies  of  one  rock-body,  dike  or  laccolith, 
the  processes  by  which  differentiation  took  place  in  the  two  cases 
were  undoubtedly  similar. 

(c)  Order  of  Eruption.  —  There  is  a  relation  between  the 
composition  of  volcanic  rocks  and  the  order  in  which  they  have 
been  erupted.  But  this  relation  is  not  a  simple  one,  the  evidence 
of  partial  series  of  eruptions  being  often  contradictory.  The 
sequence  first  discovered  and  expressed  by  von  Richthofen* 
when  reduced  to  general  terms  is  of  very  wide  application,  and 
is  to  the  effect  that  in  any  region  or  period  of  volcanic  activity 
the  earliest  eruptions  are  of  rocks  having  an  average  or  inter- 
mediate composition,  and  that  subsequent  eruptions  are  of 
magmas  with  more  and  more  diverse  compositions,  the  last 
eruptions  producing  the  most  diverse  kinds.  Some  of  the  modes 
by  which  this  order  may  be  varied,  or  apparently  reversed,  will 
be  understood  after  the  following  consideration  of  the  probable 
course  of  differentiation. 

General  Character  of  Differentiation. — That  the  process  which 
has  produced  the  many  kinds  of  igneous  rocks  in  a  region  with 
all  their  transitions  into  one  another  is  a  process  of  differentia- 
tion of  an  originally  homogeneous  magma,  and  not  the  blend- 
ing of  two  or  more  different  magmas,  as  suggested  by  Bunsen,* 
is  shown  by  the  relation  between  the  chemical  results  of  the 

*  Richthofen,  F.  von.  The  Natural  System  of  Volcanic  Rocks,  San  Fran- 
cisco, 1868. 

'  Bunsen,  R.  Fogg.  Ann.  d.  Phys.  u.  Chem.,  Leipzig,  1851,  vol.  83,  No.  6, 
pp.  197-272. 
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process  and  the  time  of  eruption  within  a  period  of  volcanic 
activity.  For  a  process  dependent  upon  any  set  of  physical 
conditions  which  continue  for  long  periods  of  time  must  yield 
results  that  are  to  a  considerable  extent  functions  of  time,  that 
is,  they  must  be  accumulative.  If  the  process  were  synthetic,  or 
a  compounding  one,  the  mixture  should  be  more  complete  the 
longer  the  process  operated.  On  the  other  hand,  if  it  is  dif- 
ferentiating, the  separation,  or  differences,  should  increase  as 
time  goes  on.  The  igneous  rocks  in  a  large  volcanic  region  have 
been  erupted  at  widely  remote  times,  which,  though  belonging 
to  a  connected  period  of  volcanic  activity,  may  represent  ages. 
The  physical  conditions  controlling  differentiation  must  have 
existed  throughout  these  vast  lapses  of  time  and  have  operated 
persistently  or  intermittently.  The  effect  in  either  case  must 
be  accumulative. 

The  physical  factors  chiefly  concerned  must  be  changes  of 
temperature,  pressure,  and  the  amount  of  dissolved  gases.  The 
amount  and  rate  of  ch*ange  in  these  factors  experienced  by 
igneous  magmas  proceeding  from  depths  within  the  earth  toward 
the  surface,  owing  to  distance  and  rate  of  flow,  to  the  size  and 
shape  of  reservoirs  or  conduits,  fissures  or  pipes,  and  to  the  tem- 
perature, permeability,  and  water  content  of  the  rocks  traversed, 
must  vary  greatly  in  different  cases.  Consequently  the  course 
of  events,  and  the  exact  character  of  the  resulting  rocks,  and  the 
precise  order  of  their  eruption,  can  never  be  identical  in  any  two 
volcanic  regions  or  at  any  two  centers  of  eruption.  There 
may,  nevertheless,  be  certain  general  resemblances,  as  already 
pointed  out. 

Before  discussing  specific  methods  by  which  differentiation  of 
homogeneous  solutions  may  be  accomplished,  it  may  be  well  to 
consider  some  of  the  consequences  arising  from  the  application 
of  the  general  principle  of  magmatic  differentiation. 

1.  If  differentiation  is  controlled  by  conditions  or  agencies 
external  to  the  magma,  which  depend  upon  the  environment  of 
the  magma  and  its  change  of  position,  then  the  results  of  dif- 
ferentiation should  vary  as  the  external  conditions  vary.  It  is 
not  to  be  expected,  then,  that  similar  parent  magmas  will  always 
yield  the  same  results  when  differentiated,  for  they  may  have 
experienced  quite  different  physical  conditions. 
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2.  Since  the  process  of  differentiation  requires  time,  is  pro- 
gressive, and  often  continues  for  ages,  it  follows  that  eruptions 
from  a  reservoir  in  which  differentiation  is  taking  place  will 
draw  off  magma  whose  constitution  will  depend  on  the  phase  of 
differentiation  attained  by  the  parent  magma.  The  phase  will 
depend  on  the  time  at  which  eruption  takes  place.  Moreover, 
since  differentiation  necessitates  the  coexistence  of  differently- 
constituted  derived  magmas  in  different  parts  of  the  parent  body 
or  reservoir,  the  kind  of  magma  drawn  off  will  also  depend  upon 
the  portion  of  the  reservoir  drawn  from;  and,  since  these  derived 
magmas  will  undoubtedly  possess  different  viscosities,  the  magma 
drawn  off  will  also  depend  in  certain  cases  on  the  size  of  the  exit 
and  on  the  rate  of  flow. 

3.  If,  in  any  region  of  eruptive  rocks,  each  body  of  rock  were 
the  immediate  solidification  of  the  magma  drawn  from  one  com- 
mon reservoir,  it  would  represent  the  phase  of  differentiation  in 
the  parent  magma  at  the  time  when  eruption  took  place.  If, 
however,  the  erupted  magma  does  not  solidify  directly,  but 
remains  in  a  molten  condition  within  the  fissure  or  conduit,  a 
further  differentiation  of  this  magma  may  take  place  under  con- 
ditions imposed  by  its  new  environment.  In  this  manner  differ- 
entiation may  proceed  simultaneously  at  quite  different  rates, 
and  possibly  with  diverse  results,  in  the  parent  magma  and  in 
the  derived  magma.  Material,  then,  which  through  subsequent 
eruption  may  come  to  a  place  where  it  can  solidify,  may  be 
derived  from  the  parent  magma  or  from  the  derived  magma, 
and  may  represent  different  phases  of  differentiation.  And 
since  changes  of  temperature  and  of  gas  content  are  more  marked 
nearer  the  earth^s  surface  than  at  great  depths,  and  should  affect 
small  bodies  of  magma  more  readily  than  large  bodies,  it  follows 
that  in  a  given  length  of  time  differentiation  will  proceed  farther 
in  magmas  near  the  earth's  surface  than  in  those  at  greater 
depths.  Owing  to  the  great  volume  and  extent  of  the  deeper- 
seated  magma  reservoirs  as  compared  with  those  located  in 
fissures  or  volcanic  conduits,  the  former  may  be  termed  regional^ 
the  latter  local;  and  so  it  may  happen  that  eruptions  coming 
directly  from  the  greater  reservoirs  may  extend  through  wide 
regions  and  be  called  regional^  and  may  exhibit  less  differentia- 
tion than  those  emanating  from  small  reservoirs,  which  are  more 
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restricted  in  their  occurrence  and  may  be  called  local.  A 
regional  series  of  volcanic  eruptions  is  found  in  those  great  fissure 
eruptions  of  Idaho  and  Wyoming,  including  the  plateaux  of  the 
Yellowstone  Park,  together  with  the  ranges  of  volcanic  breccia 
forming  the  Absaroka,  Gallatin,  and  other  mountain  ranges,  A 
local  series  of  eruptions  would  include  the  breccias  and  lavas 
connected  with  one  volcanic  vent,  such  as  that  at  Electric  Peak 
or  that  in  the  Crandall  Basin,  in  the  same  region.* 


PROCESSES  OF  DIFFERENTIATION 

In  discussing  possible  processes  by  which  a  differentiation  of 
a  homogeneous  igneous  magma  may  have  taken  place  it  is  neces- 
sary to  consider,  first,  the  agencies  or  conditions  which  may  pro- 
duce changes  in  the  physical  and  chemical  status  of  different 
parts  of  a  liquid  rock  magma,  and,  second,  the  character  or 
result^  of  such  changes. 

The  agencies  or  conditions  which  may  be  appealed  to  as  those 
most  likely  to  affect  to  an  appreciable  degree  the  character  of 
different  parts  of  a  body  of  liquid  rock  magma  are  (a)  changes  of 
temperature;  (b)  changes  of  pressure;  (c)  loss  or  addition  of  gases: 
There  are  other  agencies  which  might  take  part  in  processes  of 
magma  differentiation,  but  which  must  play  such  insignificant 
roles  in  most  cases  that  their  consideration  may  be  omitted  with- 
out seriously  affecting  the  discussion.  Such  an  agency  is  the 
passage  of  electricity  through  a  molten  magma,  or  a  change  in  its 
magnetism.  A  change  in  the  composition  of  a  magma  by  the 
addition  of  material  through  the  solution  and  diffusion  of  other 
rocks  is  not  a  differentiation  of  the  magma,  according  to  the 
definition  already  given,  but  is  a  process  of  solution  and  blending 
which  will  be  considered  independently. 

Changes  in  the  temperature  ^  pressure y  or  gas  content  of  a  portion 
of  a  magma  solution  will  affect  to  a  greater  or  less  degree  one  or 
more  of  the  following  physical  or  chemical  characters  of  different 
portions  of  the  magma: 

(1)  The  density  of  the  liquid,  resulting  in  movements  called 
convection  currents, 

*  Iddings,  J.  P.     Quar.   Jour.  Geol.  Soc.  London,  vol.  52,  1896,  pp.  606- 
Q17,  and  Monogr.  32,  U.  S.  Geological  Survey,  1899. 
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(2)  The  viscosity  of  the  liquid,  thereby  modifying  the  internal 
friction  of  moving  parts  and  the  diffusivity  of  its  molecules. 

(3)  The  osmotic  pressurcj  and  consequently  the  molecular  con- 
centration in  different  portions  of  the  magma. 

(4)  The  saturation  and  eventually  the  crystallization  in  differ- 
ent parts. 

(5)  The  chemical  equilibrium^  thereby  affecting  the  combina- 
tion of  chemical  elements  and  the  resulting  mineral  compounds, 

(6)  The  character  of  the  solidification j  or  crystallization,  and 
the  resulting  texture  of  the  rock.  This,  however,  is  not  properly 
a  mode  of  differentiation.  The  effect  of  each  of  these  changes 
upon  a  liquid  magma  and  its  possible  bearing  on  the  problem  of 
the  differentiation  of  a  homogeneous  rock  magma  will  be  discussed 
briefly. 

(1)  Changes  in  Density.  —  Change  of  temperature  in  liquid 
magma  is  accompanied  by  change  of  volume,  an  increase  of  one 
degree  centigrade  producing  an  expansion  of  0.00005(T  in  liquid 
basalt  as  determined  by  Barus.^  A  loss  of  heat  must,  therefore, 
be  accompanied  by  a  contraction  of  volume  and  a  corresponding 
increase  in  density. 

It  is  to  be  expected  that  change  of  pressure  also  produces 
change  in  volume,  but  it  is  known  that  the  volume  of  a  liquid 
is  affected  much  less  by  changes  of  pressure  than  by  those  of 
temperature,  and  Barus '  has  determined  the  relation  between 
these  effects  for  liquid  basalt,  and  has  found  that  a  change 
of  pressure  of  one  atmosphere  is  equivalent  to  a  temper- 
ature change  of  0.025®  C.  That  is,  a  change  of  pressure  by 
40  atmospheres  would  be  equivalent  to  a  change  of  temperature 
of  1°  C.  It  would  require  approximately  500  *  vertical  feet  of 
liquid  magma  of  average  composition  to  produce  a  pressure 
equivalent  to  40  atmospheres,  or  offset  a  rise  of  temperature  of 
1°C. 

It  may  be  assumed  that  the  density  of  rock  magma  decreases 
with  increase  of  gas  dissolved  in  it,  and  that  it  would  increase  as 
gas  escaped  from  it  by  diffusion. 

The  behavior  of  a  magma  undergoing  these  several  changes 

»  Bams,  C.     Am.  Jour.  Sci.,   vol.  42,  1891,  pp.  498-499. 
»  Bams,  C.     Bulletin  U.  S.  Geological  Survey,  No.  103,  1893,  p.  53. 
•  More  exactly,  642.4  feet  (162.7  m.)  of  magma  with  a  density  of  2.5,  or 
452.0  feet  (135.6  m.)  of  magma  with  a  density  of  3.0. 
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will  depend  upon  its  position  within  the  earth,  the  shape  of  its 
body,  and  the  environment  which  occasions  the  changes.  It  is 
necessary,  therefore,  to  consider  several  extreme  cases.  The 
magma  may  be  assumed  to  be  homogeneous  in  composition  and 
at  rest,  that  is,  without  internal  movement  or  currents. 

(a)  The  magma  may  be  of  very  great  volume  and  of  indefinite 
lateral  and  vertical  extent.  Such  a  mass  of  igneous  magma 
may  supply  the  volcanic  rocks  of  a  region  like  that  of  the  Yellow- 
stone National  Park,  where  the  different  lavas  that  have  reached 
the  surface  of  the  earth  have  been  estimated  to  aggregate  over 
5000  cubic  miles  ^;  and  it  is  not  to  be  supposed  that  all  of  the 
magma  leaving  it  reached  the  earth's  surface  or  that  the  reser- 
voir of  magma  was  completely  emptied.  Whatever  the  depth 
at  which  such  a  body  of  magma  may  exist  for  some  time,  and 
whatever  the  pressure  of  the  overlying  rocks,  it  may  be  assumed 
that  the  reservoir  is  itself  of  such  depth  that  the  pressure  of  its 
own  mass  will  be  appreciable,  so  that  the  lower  portion  will  be 
under  greater  pressure  than  the  upper.  The  magma  should, 
therefore,  be  the  denser  at  the  bottom  by  reason  of  the  increase 
of  pressure,  and  for  slight  depths  of  magma,  such  as  1000  or 
2000  feet,  the  difference  of  pressure  between  the  upper  and 
lower  parts  may  be  taken  as  that  due  to  the  depth  of  the  magma, 
80  to  160  atmospheres  approximately. 

Assuming  a  gradual  lowering  of  temperature  from  the  center 
of  the  earth  toward  the  surface,  according  to  either  the  accre- 
tionary  hypothesis  of  the  formation  of  the  earth  or  that  of 
central  solidification  of  a  molten  globe,'  the  upper  portion  of 
such  a  body  of  liquid  magma  should  be  at  a  lower  temperature 
than  the  lower  portion.  How  much  lower  will  depend  on  the 
temperature  gradient  at  the  particular  depth  below  the  surface 
at  which  the  magma  is  located.  What  this  may  be  is  not  known, 
and  upon  this  point  hypotheses  differ  widely.  According  to  Lord 
Kelvin's  calculation  on  the  assumption  of  a  cooling  liquid  globe, 
the  gradient  for  the  first  200  miles  from  the  surface  would  be 
roughly  1°  C.  for  250  feet  and  at  greater  depths  a  nearly  con- 
stant temperature.     According  to  the  accretionary  hypothesis  of 

»  Iddings,  J.  P.  Quar.  Jour.  Geol.  Soc.  London,  vol.  52,  1896,  pp.  611 
and  614. 

'  Chamberlin,  T.  C,  and  Salisbury,  R.  D.,  Geology,  New  York,  ltt04,  vol.  1, 
pp.  536  and  538. 
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Chamberlin  the  gradient  varies  with  the  depths,  being  quite 
low  for  the  first  400  miles,  only  about  1.6°  C.  per  mile  for  the 
first  200  miles,  about  4  degrees  per  mile  for  the  next  200  miles, 
and  5.4  degrees  per  mile  for  the  next  200  miles.  This  latter 
rate  is  about  1  degree  for  1000  feet  of  depth;  the  first  mentioned 
only  about  0.3  degree  for  1000  feet.  The  effect  of  differences 
of  temperature  upon  a  body  of  magma  at  very  great  depth  must 
be  slight  and  of  the  same  order  as  that  produced  by  differences 
in  the  weight  of  the  magma  itself.  If  the  increase  in  density 
in  the  lower  portion  of  the  magma  due  to  pressure  is  greater 
than  that  in  the  upper  portion  due  to  slightly  lower  temper- 
ature there  can  be  no  convection  currents  induced  by  differences 
of  temperature  and  pressure. 

Should  gas  be  dissolved  in  the  magma  homogeneously,  and 
not  able  to  escape,  the  effect  of  differences  of  pressure  and 
temperature  in  the  upper  and  lower  portions  of  the  magma  may 
be  such  as  to  counterbalance  one  another;  the  discussion  properly 
falling  under  case  3,  since  it  is  a  question  of  osmotic  pressure  and 
molecular  concentration.  There  may  be  a  gradual  diffusion  of 
gas  from  one  portion  to  another  without  the  production  of  con- 
vection currents  in  the  magma.  Under  the  conditions  postu- 
lated a  deep-seated  magma  may  remain  at  rest  for  an  indefinite 
period. 

(h)  The  magma  may  be  situated  as  an  intruded  body  between 
walls  having  a  lower  temperature  than  the  liquid  magma.  It 
may  be  considered  as  having  come  to  rest  so  far  as  its  flow  as 
an  erupted  body  is  concerned,  and  as  having  considerable  depth. 
The  upper  portion  of  such  a  body  of  intruded  magma  must  have 
a  lower  temperature  than  that  of  the  deeper  portion,  because 
it  has  been  encountering  cooler  walls  and  has  been  heating  them 
as  it  flowed,  so  that  deeper  parts  of  the  same  body  of  magma 
flowed  between  warmer  walls  than  the  advance  portion.  It 
may  happen,  however,  that  there  is  the  same  difference  in 
temperature  between  the  upper  portion  and  its  adjoining  walls 
as  that  between  the  lower  portion  and  its  walls,  so  that  the 
rate  of  cooling  in  both  portions  of  the  magma  may  be  the  same 
at  a  particular  period  of  time. 

The  effect  of  cooling  at  the  walls  of  the  magma  body  will  be 
to  increase  the  density  of  the  liquid  magma  near  the  walls  in  a 


264  DIFFERENTIATION  OF  ROCK  MAGMAS 

gradual  manner,  so  that  the  nearer  the  surface  the  denser  the 
liquid,  until  a  depth  within  the  body  is  reached  which  may- 
have  a  constant  temperature  in  certain  cases.  There  will  result 
a  tendency  for  a  differential  flow  due  to  differences  of  density 
in  the  liquid,  the  greater  velocity  occurring  nearest  the  surface 
of  the  body  of  magma,  other  things  being  uniform.  Of  course 
the  surface  of  the  magma  immediately  in  contact  with  the  wall 
rock  will  not  flow  but  will  adhere  to  it.  The  hotter  and  lighter 
magma  in  the  center  of  the  body  will  rise  and  in  this  way  a 
circulation  of  magma  may  be  inaugurated.  Irregularities  in 
the  contour  of  the  wall  rock  will  give  rise  to  irregularities  of 
current,  resembling  eddies,  with  spaces  in  which  there  may  be 
very  slight  circulation.  The  maximum  velocity  of  movement 
will  depend  on  the  rate  of  cooling  and  the  effect  of  the  change 
of  temperature  on  the  density  of  the  magma,  and  this  will  un- 
doubtedly vary  with  the  composition  of  the  magma.  More- 
over, the  marginal  portion,  or  layer,  of  the  body  of  magma 
will,  in  the  case  of  broad  bodies,  move  relatively  much  faster 
than  the  central  portion,  which  being  of  large  bulk  will  rise 
comparatively  slowly  in  order  to  supply  the  descending  mar- 
ginal flow.  In  general  it  may  be  expected  that  cooler  wall 
rocks  will  be  encountered  by  an  intruded  magma  the  nearer 
the  earth's  surface.  But  it  may  happen  that  previously  erupted 
magmas  heated  the  wall  rocks,  even  to  a  very  considerable 
height,  so  that  a  newly  intruded  magma"  finds  itself  surrounded 
by  heated  rocks  quite  near  the  earth's  surface,  as  in  the  conduit 
of  a  volcano. 

Differences  of  pressure  at  different  depths  within  the  body 
of  magma,  so  far  as  they  increase  the  density  in  the  lower  por- 
tion, tend  to  hinder  a  vertical  circulation,  but  with  notable 
differences  in  temperature  the  effect  of  pressure  becomes  neg- 
ligible. 

The  effect  of  a  change  in  the  gas  content  on  the  density  of 
the  magma  will  be  in  one  of  two  directions  according  as  gas 
escapes  from  the  magma  into  the  surrounding  rocks  or  enters 
the  magma  from  the  wall  rocks.  In  case  there  is  a  loss  of  gas 
it  may  take  place  at  the  walls  and  be  followed  by  diffusion 
from  within  the  magma.  The  operation  is  similar  to  that  of 
the  diffusion  of  heat,  and  the  effect  will  depend  on  the  rate  at 


PROCESSES  OF  DIFFERENTIATION  265 

which  escape  takes  place  and  diflfusion  follows.  It  is  possible 
that  the  escape  is  sufficient  to  affect  the  density  of  the  magma 
to  a  greater  extent  near  the  walls  than  at  the  center  of  the 
magma  body.  •  It  will  then  act  in  the  same  direction  as  loss  of 
heat,  and  promote  the  downward  movement  of  the  outer  por- 
tion of  the  magma  so  far  as  a  change  in  density  alone  is  con- 
cerned. If  gas  is  added  to  the  magma,  it  will  decrease  the 
density  of  the  magma,  being  most  effective  nearest  the  walls  of 
the  body,  and  thus  tend  to  offset  the  effect  of  loss  of  tempera- 
ture, so  far  as  density  is  concerned. 

The  foregoing  discussion  applies  to  bodies  of  magma  of  con- 
siderable vertical  extent  intruded  in  cooler  rocks.  The  case  of 
magma  lying  nearly  horizontally  in  an  intruded  sheet  is  some- 
what different.  The  cooling  takes  place  from  the  upper  and 
lower  surface  at  about  the  same  rate  in  most  cases.  The 
denser  layer  at  the  bottom  should  remain  there;  the  denser  layer 
at  the  top  of  the  sheet  having  its  character  changed  gradually 
may  have  but  a  slight  tendency  to  move  downward.  If  it  should 
set  up  convection  currents  they  would  only  affect  the  central 
and  upper  portion  of  the  sheet.  In  a  sheet  of  moderate  depth 
the  effect  of  differences  of  pressure  must  be  inconsiderable. 
Changes  of  gas  content  act  with  or  against  loss  of  heat  as  the 
case  may  be. 

2.  Changes  in  viscosity  result  from  changes  in  temperature 
and  especially  in  gas  content,  and  to  a  much  less  extent  from 
changes  of  pressure.  Viscosity  may  be  highly  developed  in  rock 
magmas,  particularly  those  rich  in  alkalic  feldspar  and  quartz 
molecules.  The  range  of  variability  in  viscosity  consequent 
upon  change  of  temperature  and  gas  content  appears  to  be 
much  greater  than  changes  in  density  for  corresponding  tem- 
perature changes.  Viscosity  increases  with  loss  of  heat  and  of 
gas  and  with  increase  of  pressure.  The  more  viscous  a  liquid, 
the  greater  the  internal  friction,  the  slower  the  flow  for  given 
differences  of  density  in  a  rock  magma.  The  greater  the  vis- 
cosity the  slower  the  molecular  diffusion  of  gas. 

The  influence  of  increased  viscosity  on  the  convection  cur- 
rents in  rock  magma  just  discussed  is  such  that  it  must  cause  a 
slowing  of  the  cooler  portions  about  the  margin,  or  walls,  of  a 
magma  body.     Whether  this  slowing  offsets  the  acceleration 
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due  to  increase  of  gravity  will  depend  on  the  relative  values  of 
each,  concerning  which  we  have  no  data  at  present.  Loss  of 
gas  with  loss  of  heat  would  intensify  this  retardation.  Acces- 
sion of  gas  from  the  wall  rock  by  lowering  the  viscosity  suffi- 
ciently may  accelerate  the  movement  due  to  increase  of  density, 
or  it  may  just  offset  the  increase  of  viscosity  due  to  loss  of  heat. 

In  magmas  of  different  composition,  convection  currents,  so 
far  as  they  are  influenced  by  viscosity,  should  be  least  active 
in  the  more  siliceous  and  alkali-feldspathic  magmas,  and  most 
active  in  those  low  in  silica  and  alkalic  feldspathic  molecules. 

3.  Molecular  concentratioii  varying  with  osmotic  pressure 
is  affected  by  changes  of  temperature  in  different  portions  of  a 
solution.  The  principles  regarding  this  relationship  have  been 
stated  in  Chap.  Ill,  p.  103.  In  general  it  may  be  said  that 
when  two  parts  of  a  homogeneous  solution  are  at  different  tem- 
peratures there  will  follow  a  concentration  of  certain  molecules 
toward  the  colder  part  in  order  to  maintain  equilibrium  of 
osmotic  pressure  throughout  the  solution.  It  may  be  expected, 
then,  that  when  a  body  of  homogeneous  magma  is  at  uniform 
temperature  throughout  there  will  be  no  change  of  molecular 
concentration  due  to  the  temperature.  If  the  magma  is  inclosed 
by  cooler  rocks,  and  there  results  a  difference  of  temperature 
in  different  parts,  certain  compounds  will  diffuse  toward  the 
cooler  parts.  The  rate  of  diffusion  will  be  greater  the  greater 
the  difference  of  temperature  between  neighboring  parts,  that 
is,  the  greater  the  temperature  gradient  between  the  surface 
and  interior  of  the  magma  body.  The  rate  of  diffusion  will  be 
greater  the  more  fluid  the  magma;  that  is,  the  higher  its  tem- 
perature, the  greater  the  gas  content,  and  the  more  its  compo- 
sition is  favorable  to  liquidity  for  any  given  temperature.  The 
presence  of  H2O  and  other  gases  at  high  temperature,  under 
sufficient  pressure  to  hold  them  in  solution,  must  greatly  in- 
crease molecular  mobility  in  rock  magmas.  On  this  subject, 
however,  we  have  no  data  at  present. 

As  the  time  required  for  the  diffusion  of  notable  amounts  of 
material  under  ordinary  conditions  in  a  motionless  solution  is 
very  great, ^  and  as  it  is  promoted  by  reducing  the  distance 
through  which  diffusion  must  take  place,  the  differential  flow  of 

»  Becker,  G.  F.     Am.  Jour.  Sci.,  vol.  3,  1897,  pp.  21-40. 
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magma  along  the  walls  of  its  reservoir  must  furnish  a  constant 
supply  of  differently  heated  layers  of  liquid  in  contact  with 
one  another  and  thereby  greatly  shorten  the  time  required  for 
producing  notable  diffusion.  A  gradual  diffusion  of  the  mole- 
cules "in  solution''  toward  the  cooler  portions  of  the  magma 
must  take  place.  Whether  the  results  of  this  molecular  con- 
centration are  appreciable  or  not  depends  on  the  factors  just 
mentioned  —  temperature  gradient,  liquidity,  gas  content,  and 
chemical  composition  of  the  magma.  In  such  vertical  currents 
the  effect  of  pressure  in  any  horizontal  plane  disappears.  It 
might  modify  the  results  in  the  upper  and  lower  portions  of 
very  deep  reservoirs. 

In  the  general  statement  of  the  law  of  molecular  concentra- 
tion toward  cooler  parts  of  a  solution  the  substances  that  become 
more  concentrated  are  those  said  to  be  "in  solution."  But  in 
solutions  all  compounds  are  properly  in  solution  in  one  another, 
all  are  "in  solution."  The  custom  of  calling  one  part  of  a 
solution  the  solvent  and  the  others  the  substances  in  solution, 
or  solutes,  has  arisen  from  the  constant  use  of  aqueous  solutions 
in  the  laboratory.  By  analogy  with  ordinary  aqueous  solu- 
tions of  salts  those  compounds  that  separate  early  from  a  solu- 
tion are  thought  of  as  the  things  in  solution,  and  the  compound 
remaining  liquid  longest  is  called  the  solvent.  Such  terms  have 
no  proper  application  to  rock  magmas  and  are  often  misleading. 
The  substance,  or  substances,  which  will  concentrate  toward 
the  cooler  parts  of  a  rock  magma  are  those  which  would  satu- 
rate the  solution  earliest,  upon  change  of  condition.  They  are 
those  that  would  crystallize  first,  or  earliest.  They  must,  there- 
fore, be  different  in  different  magmas  according  to  the  chemical 
composition.  They  may  be  ferromagnesian  and  calcic  in  some 
magmas;  alkalic,  aluminous,  or  free  silica  in  others.  But  since 
the  liquidity  of  magma  is  greater  the  richer  it  is  in  the  first- 
named  compounds,  the  extent  to  which  molecular  concentra- 
tion may  take  place  will  be  greater  in  the  less  siliceous  rocks, 
other  things  being  equal.  As  to  the  molecular  character  of  the 
compounds  which  may  diffuse  and  concentrate  in  any  portion 
of  a  magma  solution,  it  has  been  pointed  out  that  the  com- 
pounds in  a  magma  must  be  more  or  less  complex  molecules 
corresponding  to  definite  mineral  compounds,  which,  however, 
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may  be  ionized  to  a  greater  or  less  extent  according  to  tem- 
perature, molecular  concentration,  and  other  conditions.  They 
are  mostly  silicates,  with  a  few  oxides,  Si02,  Fe203,  AI2O3,  and 
other  non-silicates  in  some  cases.  The  components  do  not 
exist  as  uncombined  oxides,^  with  limited  exceptions.  They  do 
in  part  exist  as  ions,  but  it  is  known  that  ions  do  not  diffuse 
independently  of  one  another  in  solution,  except  under  the 
influence  of  an  electric  current.  Consequently  the  compounds 
which  diffuse  to  produce  the  proper  degree  of  molecular  concen- 
tration must  correspond  to  definite  mineral  compounds.  To 
some  extent  they  diffuse  as  ionized  compounds  and  are  capable 
of  chemical  reaction  and  readjustment  according  to  the  attend- 
ant conditions  as  discussed  in  Chapter  III.  Thus  it  is  possible 
for  a  compound  like  that  of  muscovite  (H2KAl3(Si04)6)  to  be 
concentrated  in  one  part  of  a  magma,  and  subsequently  to 
break  up  under  changed  conditions,  yielding,  H2O,  KAlSiaOg 
and  AI2O3;  or  water,  orthoclase,  and  corundum.  It  is  possible 
that  in  this  way  magmas  rich  in  corundum  have  originated. 

The  diffusion  here  described  must  produce  a  differentiation 
of  a  homogeneous  magma  into  portions  of  different  composi- 
tions. It  is  a  differentiation  that  antedates  crystallization, 
which  may,  or  may  not,  take  place  while  the  magma  is  in  the 
reservoir  where  differentiation  occurred.  It  may  be  called 
MOLECULAR  DIFFERENTIATION.  It  is  occasioued  chiefly  by  un- 
equal distribution  of  temperature;  is  promoted  by  convection 
currents;  and  is,  undoubtedly,  greatly  affected  by  the  presence 
of  gas  at  high  temperature  dissolved  in  the  magma.  It  is  more 
likely  to  take  place  in  the  more  liquid  magmas,  and,  therefore, 
in  those  of  particular  compositions,  and  in  those  intruded  at 
higher  temperatures.  It  is  more  likely  to  take  place  in  bodies  of 
magma  with  considerable  vertical  extent,  with  steep,  or  sloping, 
walls;  and  rarely  in  horizontal  sheets,  or  sills.  Where  cooling 
is  so  rapid  as  to  solidify  a  magma  in  comparatively  short  time, 

^  The  statement  by  the  author*  in  1892  regarding  the  probable  chemical 
com|x>sition  of  the  components  of  molten  magmas  which  emphasized  the  IsMik 
of  absolute  fixedness  of  the  compounds,  was  in  error  in  asserting  that  they  do 
not  correspond  to  definite  mineral  compounds,  and  that  they  behave  as  simple 
oxide  molecules.  The  assertion  has  unfortunately  gained  a  wider  circulation 
than  it  deserved. 

*  Iddin^s.  J.  p.    The  Origin  of  Igneous  Rooks,  Bulletin  Phil..  Washington,  1S92.  vol.  12, 
p.  158. 
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there  will  have  been  no  opportunity  for  differentiation  of  this 
kind  to  have  taken  place  to  an  appreciable  extent.  It  may  not 
be  expected  in  bodies  of  rapidly  cooled  rocks,  intrusive  and 
extrusive,  especially  in  the  more  siliceous  varieties. 

4.  The  saturation^  and  eventually  the  crystallization,  of 
certain  compounds  in  the  magma  is  affected  by  changes  of 
temperature,  pressure  and  gas  content,  and  it  is  possible  for  a 
differentiation  of  a  homogeneous  magma  to  be  brought  about 
by  the  crystallization  and  movement  of  the  crystals,  or  of  the 
uncrystallized  magma.  To  what  extent  this  has  resulted  in 
differentiating  large  bodies  of  magma  may  appear  from  the 
discussion  that  follows.  The  problem  may  be  considered  in  the 
abstract,  and  then  for  specific  cases. 

It  is  well  known  that  ordinarily  when  crystals  form  in  an 
aqueous  solution  they  settle  to  the  lower  part  of  the  solution; 
they  are  precipitated.  By  analogy  with  the  behavior  of  many 
aqueous  solutions  it  has  been  assumed  that  when  crystals  form 
in  a  rock  magma  they  should  settle  or  float,  according  to  their 
relative  density  when  compared  with  that  of  the  liquid  magma. 
This  analogy  was  made  use  of  by  Charles  Darwin  ^  in  1844;  by 
LyelP  in  1855;  by  Scrope  »  in  1872;  by  King*  in  1878;  and 
more  recently,  by  others,*  who  have  sought  by  this  means  to 
explain  the  differentiation  of  rock  magmas.  For  it  has  been 
argued,  that  by  the  crystallization  of  ferromagnesian  silicates 
and  iron  oxides,  which  are  heavier  than  Uquid  rock  magmas, 
and  by  their  settling  to  lower  parts  of  the  magma,  the  latter 
would  become  richer  in  these  constituents.  If  the  temperature 
is  higher  in  the  lower  parts  of  the  magma  the  precipitated 
crystals  may  be  melted,  and  the  lower  part  of  the  magma  remain 
liquid.  If  crystals  form  that  are  lighter  than  the  magma  they 
should  rise  and  the  upper  part  of  the  magma  become  richer  in 
these  compounds.  Whether  such  a  process  takes  place  to  an 
appreciable  extent  in  rock  magmas  depends  upon  the  difference 
in  density  between  the  crystal  and  the  liquid  magma;   the  size 

*  Darwin,  C.     Volcanic  Islands,  London,  1844,  pp.  117-124. 

*  Lyell,  C.     A  Manual  of  Elementary  Geology,  New  York,  1855,  p.  522. 
»  Scrope,  G.  P.     Volcanoes,  Second  Ed.,  1872. 

*  King,  C.  U.  S.  Geol.  Exploration  of  the  Fortieth  Parallel,  Washington^ 
1878,  vol.  1,  p.  705,  et  seq. 

»  Daly,  R.  A.     Jour.  Geol.,  vol.  16,  1908,  pp.  401-420. 
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and  shape  of  the  crystal,  the  viscosity  of  the  magma,  and  the 
length  of  time  taken  to  bring  about  the  complete  crystalliza- 
tion of  the  magma. 

The  difference  in  density  between  the  ferromagnesian  min- 
erals and  the  average  magma  is  sufficient  to  cause  them  to  fall 
through  the  action  of  gravity  if  the  liquid  were  very  fluid.  But 
rock  magmas  are  more  or  less  viscous  near  the  point  of  satura- 
tion, the  more  siliceous  ones  exceedingly  so.  And  the  tabular 
and  prismoid  shapes  of  many  crystals  greatly  increase  the  sur- 
face relative  to  the  mass.  Moreover,  most  crystals  are  very 
small,  so  that  the  resistance  offered  by  a  viscous  liquid  is  rela- 
tively great.  The  necessary  data  for  the  proper  statement  of 
the  relationships  are  wanting.  In  the  absence  of  definite  knowl- 
edge that  would  permit  a  reliable  statement  of  the  probability 
of  such  separation  taking  place  to  a  notable  extent,  the  evi- 
dence from  the  rocks  themselves  may  be  applied  to  the  solution 
of  the  problem. 

Bodies  of  igneous  rock  which  are  exposed  for  hundreds  of 
feet  seldom,  if  ever,  exhibit  recognizable  differences  in  com- 
position in  upper  and  lower  portions.  Great  vertical  exposures 
of  rock  of  intermediate  composition  appear  in  most  cases  to  be 
homogeneous  rock,  as,  for  example,  the  mass  of  El  Capitan  in 
the  Yosemite  Valley,  California.  In  most  intrusive  sheets  there 
is  no  appreciable  difference  in  composition  between  upper  and 
lower  portions,  and  the  same  is  true  of  most  sheets  of  lava, 
though  the  rock  contains  crystals  of  magnetite  scattered  through 
it  with  a  density  nearly  twice  that  of  the  magma.  In  one 
intrusive  sheet  at  Electric  Peak,  Yellowstone  National  Park,* 
there  is  a  notable  difference  between  upper  and  lower  portions, 
which  is  shown  by  the  presence  of  phenocrysts  of  pyroxene  in 
the  lower  portion  which  are  not  in  the  upper,  and  by  the  chem- 
ical analyses  of  both  parts.  In  the  massive  sheet  of  igneous 
rock  forming  the  Palisades,  New  Jersey,  which  is  composed 
largely  of  lime-soda-feldspar  and  augite,  there  is  a  layer  near 
the  bottom  rich  in  olivine,  which  appears  to  have  settled  after 
crystallization.* 

»  Iddings,  J.  P.      Monograph  32,  U.  S.  Geological  Survey,  1899,  p.  82. 
'  Lewis,  J.  V.     Ann.  Rep.  Geol.  Survey,  New  Jersey,  1907,  p.  125  and  pp. 
129-133. 
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Instances  have  been  mentioned  by  Darwin*  and  by  King,'  of 
volcanic  lavas  in  which  the  lower  portions  contain  phenocrysts 
of  feldspar  which  do  not  appear  in  the  upper  part,  and  these 
have  been  taken  as  evidences  of  the  settling  of  crystals  in  rock 
magmas.  It  is  to  be  pointed  out,  however,  that  in  the  absence 
of  definite  information  as  to  differences  in  the  chemical  com- 
position of  the  upper  and  lower  portions  of  these  lava  sheets, 
the  presence  of  crystals  in  the  lower  and  not  in  the  upper  portion 
of  a  lava  stream  may  be  the  result  of  differences  in  conditions 
which  affected  the  viscosity  and  eventually  the  crystallinity 
of  the  two  parts,  for  the  upper  portion  of  a  lava  stream  cools 
much  faster  than  the  lower. 

The  absence  of  evidence  of  any  appreciable  amount  of  settling 
of  crystals  in  most  solidified  igneous  magmas  indicates  that  in 
these  cases  the  viscosity  of  the  liquid  was  such  that  no  consider- 
able precipitation  could  take  place,  or  that  there  were  other 
hindrances.  Some  idea  of  what  these  may  have  been  may  be 
gotten  from  a  consideration  of  the  probable  act  of  separation 
of  solids  from  mixed  solutions,  especially  liquid  rock  magmas. 
In  general  it  may  be  said  that  in  most  cases  of  solidification  of 
rock  magmas  supersaturation  sets  in  because  of  the  very  gradual 
rate  of  cooling.  This  may  attain  a  high  degree  in  most  cases. 
Crystals  then  begin  at  comparatively  close  points,  and  grow 
rather  rapidly.  There  is  probably  not  much  of 'a  time  interval 
between  the  starting  of  one  kind  of  mineral  and  that  of  another. 
The  evidence  in  the  case  of  many  rocks  is  that  nearly  all  kinds 
of  minerals  crystallize  at  the  same  time,  which  is  in  accord  with 
the  theory  of  the  separation  of  solids  from  mixed  solutions  of 
physically  similar  substances  capable  of  dissolving  one  another 
at  somewhat  similar  temperatures.  The  eutectic  mixture 
should  contain  some  of  all  the  components  of  the  original 
solution.  The  simultaneous  crystallization  of  many  crystals 
of  different  kinds  of  minerals,  some  heavier  and  others,  in  some 
cases,  lighter  than  the  liquid  magma,  often  in  tabular  and  pris- 
moid  shapes,  would  interfere  with  the  differential  movements 
of  the  various  crystals.  They  undoubtedly  adhere  to  one 
another,  and  soon  the  magma  is  so  filled  with  growing  crystals 

»  Darwin,  C.     Volcanic  Islands,  London,  1844,  pp.  117-124. 

*  King,C.  U.S.  Geological  Exploration,  Fortieth  Parallel,  1878,  vol.  l,p.7ia 
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that  they  become  virtually  stationary,  or  their  relative  motions 
become  negligible.  This  appears  to  be  the  common  experience 
of  most  intruded,  or  extruded,  bodies  of  rock  magma,  so  far  as 
their  exposed  portions  indicate. 

It  is  possible  that  crystallization  may  set  in  when  there  is 
only  a  slight  amount  of  supersaturation  and  continue  so  gradu- 
ally that  the  separated  solids  may  move  appreciable  distances 
before  being  interfered  with.  But  the  slower  the  rate  of  change 
of  temperature,  the  more  likely  a  high  degree  of  supersaturation 
will  be  reached  before  crystallization  begins.  If  such  a  separa- 
tion by  precipitation  should  take  place,  it  is  most  likely  to  occur 
in  the  least  viscous  magmas,  that  is,  the  least  siliceous  and 
alkali-feldspathic,  or  those  richest  in  lime,  magnesia,  and  iron- 
oxide.  It  is  possible  that  some  bodies  of  iron  oxides  associated 
with  igneous  rocks  may  have  been  formed  by  the  precipitation 
of  these  oxides  from  the  accompanying  rock  magmas. 

It  has  also  been  suggested  that  segregations  in  igneous  rocks 
may  have  arisen  through  the  settling  of  early  crystals  into 
deeper  parts  of  a  body  of  magma,  where  they  may  have  formed 
a  solid  mass,  which  might  have  been  broken  into  fragments 
during  subsequent  eruptions  of  magma. 

While  partial  crystallization  and  differential  movement  may 
take  place  under  favorable  conditions  of  liquidity  and  slow 
crystallization,  and  may  result  in  the  differentiation  of  some 
rock  magmas,  it  is  probably  not  the  cause  of  lateral  diflFerenti- 
ation  of  dikes,  laccoliths,  and  similar  bodies  of  magma.  It  is 
doubtful,  also,  whether  it  should  be  applied  to  the  differentiation 
of  magmas  which  can  be  shown  to  be  completely  liquid  at  the 
time  of  their  eruption  and  intrusion  among  other  rocks,  for 
it  assumes  a  crystallization  and  melting  of  all  crystals  and 
becomes  purely  hypothetical.  A  case  which  might  happen, 
but  of  which  there  can  be  no  positive  proofs.* 

Contemporaneous  Veins.  —  It  is  possible  after  a  consider- 
able portion  of  the  magma  has  separated  as  crystals,  that  the 
liquid  in  which  these  crystals  are  suspended  may  be  made  to 
flow  into  openings  formed  by  the  fissuring  of  completely  solidi- 

^  See  also  objections  to  the  hypothesis  of  differentiation  by  partial  crys- 
tallization by  Pirsson  in  his  monograph  on  the  igneous  rocks  of  the  High- 
wood  Mountains,  Mont.  Bulletin  237,  U.  S.  Geological  Survey,  Washington, 
1905,  p.  186. 
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fied  parts  of  the  body  of  magma,  chiefly  the  outer  portions. 
This  would  result  in  a  differential  flow  of  the  liquid  and  sus- 
pended crystals  of  such  a  nature  that  the  liquid  would  drain 
off;  as  it  were,  and  at  some  distance  become  nearly  free  from 
the  crystals  previously  formed  in  it.  This  mode  of  differenti- 
ation is  found  in  some  veins  of  igneous  rock  that  traverse  the 
outer  portion  of  certain  bodies  of  igneous  rock,  and  have  vary- 
ing compositions,  which  in  the  extremities  of  the  veins  corre- 
spond to  the  compounds  that  crystallize  last  in  the  main  body 
of  rock,  and  gradually  change  by  increasing  amounts  of  the 
earlier  crystallizing  compounds,  until  the  vein  merges,  or  blends, 
into  the  main  mass  of  rock.  Thus  a  dark  gray,  phanerocrystal- 
line,  granular  rock  composed  of  lime-soda-feldspar,  hornblende, 
pyroxene  and  biotite,  with  small  amounts  of  potash-feldspar 
and  quartz,  may  be  traversed  near  the  margin  of  the  body  by 
narrow  veins  of  lighter-colored  rock,  having  similar  texture 
and  fewer  ferromagnesian  constituents.  Such  veins,  toward 
their  outer  ends,  become  poorer  in  these  minerals,  and  richer 
in  potash-feldspar  and  quartz;  eventually  becoming  white,  and 
highly  quartzose.  In  the  other  direction  they  become  more 
and  more  like  the  main  body  of  rock,  until  they  merge  into  it 
without  demarcation;  that  is,  they  are  the  same  rock. 

Such  veins  are  called  contemporaneous  veins,  because  their 
intrusion  is  contemporaneous  with  the  crystallization  of  the 
main  body  of  rock  with  which  they  are  associated;  the  rock 
into  which  they  were  intruded  being  still  hot,  as  is  shown  by  the 
granularity  of  the  vein  rock.  This,  however,  may  be  due  in 
large  part  to  the  gases  that  were  probably  concentrated  in  the 
magma  penetrating  the  vein.  This  conception  of  a  possible 
differentiation  of  a  partially  crystallized  magma  was  expressed 
by  Darwin^  in  1844,  but  was  not  applied  to  contemporaneous 
veins. 

Pegmatite  Veins.  —  Some  contemporaneous  veins  are  called 
PEGMATITES,  a  name  first  used  by  Haiiy  for  rocks  made  up  of  very 
coarse  crystals,  often  several  meters  long.  But  the  distinctive 
feature  of  pegmatites  is  not  the  large  size  of  the  component 
minerals,  for. pegmatites  are  sometimes  fine-grained.  They  are 
characterized  by  the  texture  as  a  whole,  and  the  composition  in 

*  Darwin,  C.     Volcanic  Islands,  London,  1844,  pp.  117-124. 
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certain  cases,  together  with  their  association  with  larger  rock 
bodies;  that  is,  their  occurrence  as  contemporaneous  veins. 
There  is  no  specific  texture  peculiar  to  pegmatites,  but  the  occur- 
rence in  most  cases  of  heterogeneous  texture,  with  abrupt  changes 
from  one  kind  to  another  throughout  the  body  of  the  pegmatite 
mass,  which  may  range  in  size  from  a  dike-like  body,  hundreds 
of  meters  wide,  to  veins  only  a  few  millimeters  thick.  The  com- 
monest textures  are  graphic,  sometimes  called  pegmatitic  for 
this  reason,  and  granular  consertal;  besides  miarolitic,  in  which 
the  cavities  are  frequently  relatively  large.  In  certain  instances 
there  is  an  arrangement  of  some  of  the  crystals  with  reference  to 
the  sides  of  the  veins,  as  though  crystallization  started  along  the 
walls;  and  commonly  there  is  a  localization  of  exceptional  min- 
erals near  the  miarolitic  cavities,  or  upon  the  walls  of  such 
cavities. 

The  principal  minerals  composing  pegmatites  are  usually  those 
that  crystallize  among  the  last  in  the  main  body  of  rock  from 
which  the  pegmatites  appear  to  have  been  derived,  chiefly  alkalic 
feldspars  and  quartz.  With  these  are  frequently  associated 
exceptional  minerals  containing  the  rare  earths,  and  elements 
found  only  in  traces  in  ordinary  igneous  rocks,  especially  boron, 
fluorine,  phosphorus,  chlorine,  sulphur,  etc. 

The  concentration  of  these  elements  in  magmas  rich  in  alkalic 
aluminous  silicates,  and  uncombined  silica;  the  frequent  occur- 
rence of  cavities  in  the  rocks,  and  the  generally  large  size  of  the 
crystals,  together  with  the  relationship  between  the  pegmatite 
and  the  associated  bodies  of  igneous  rocks,  all  tend  to  show  that 
pegmatites  are  derived  from  other  rock  magmas  by  processes  of 
differentiation  somewhat  similar  to  those  suggested  for  the  pro- 
duction of  simple  contemporaneous  veins,  with  greater  promi- 
nence of  the  r61e  of  gases.     Their  production  may  be  as  follows: 

The  crystallization  of  part  of  the  components  of  a  molten 
magma  into  silicates  containing  no  -water,  or  almost  none, 
increases  the  molecular  concentration  of  the  gaseous  components 
of  the  solution  in  the  remainder  of  the  magma.  An  increase  of 
these  components  lowers  the  freezing  point  of  the  compounds 
still  in  solution,  and  increases  the  fluidity  of  the  liquid.  There 
may  result  in  this  way  a  highly  fluid  solution,  relatively  rich  in 
water  vapor,  or  gas,  and  in  other  components  having  similar 
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action  upon  silicate  solutions;  that  is,  those  known  to  promote 
molecular  mobility,  and  called  crystallizers,  or  mineralizers,  as 
already  explained.  In  this  more  gaseous  portion  may  be  con- 
centrated those  elements,  or  compounds,  especially  soluble  in 
such  a  solution,  which  according  to  Arrhenius  *  would  be  those 
yielding  univalent  ions,  such  as  compounds  of  chlorine  and  fluo- 
rine with  the  alkali  metals,  and  with  the  alkaline  earths  and  the 
rare  earths;  also  of  zinc,  tin,  copper,  iron,  and  lead.  Other 
compounds  readily  soluble  in  water  are  those  yielding  ions  of  boric 
acid,  phosphoric  acid,  carbonic  acid,  and  hydrogen  sulphide. 
Thus  the  more  gaseous  solution  may  become  richer  in  alkalies 
than  the  original  magma,  and  there  may  be  a  concentration  of 
lithium,  often  present  in  notable  amounts  in  pegmatites.  In 
this  way  there  may  be  a  concentration  of  compounds  containing 
the  rare  earths;  and  those  with  fluorine,  boron,  and  chlorine; 
others  with  columbium,  tantalum,  phosphorus  and  sulphur. 

The  segregation  of  such  residual  magma  may  result  in  there 
being  portions  of  a  body  of  igneous  rock  which  are  characterized 
by  the  constituents  just  mentioned,  or  in  its  eruption  and  intru- 
sion into  cracks  and  fissures,  and  the  production  of  veins  or  dikes 
of  pegmatite.  The  presence  of  considerable  gas,  and  the  conse- 
quent fluidity  of  the  magma,  permit  the  growth  of  large  crystals, 
and  the  correspondingly  greater  shrinkage  of  the  more  gaseous 
magma  accounts  for  the  greater  size  of  the  miarolitic  cavities. 
And  it  is  to  be  noted,  that  the  crystals  immediately  adjoining  the 
cavities  are  often  larger  than  those  at  a  distance,  corresponding 
to  the  greater  hydration  of  the  last  portion  of  the  magma  to 
crystallize  within  the  body  of  the  pegmatite;  in  which  portions 
the  rarest  compounds,  or  minerals,  are  generally  located,  as  though 
parts  of  the  last  concentration. 

The  preponderance  of  silicates  and  quartz  in  these  rocks,  and 
the  dominance  of  graphic  intergrowths  which  indicates  the  simul- 
taneous crystallization  of  compounds,  commonly  in  eutectic 
mixture,  together  with  the  relatively  small  size  of  the  miarolitic 
cavities  as  compared  with  the  volume  of  the  whole  pegmatite 

*  Arrhenius,  S.  Zur  Physik  des  Vulkanismus,  Geol.  Foren.  Fdrh.,  Stock- 
holm, 1900,  vol.  22,  p.  417.  See  also  a  paper  by  Grubenmann,  U.,  Viertel- 
jahrsschrift  d.  Naturf.  Ges.  Zurich.  Jahrg.  49,  1904,  pp.  376-391.  For  a 
discussion  of  pegmatites  see  Br6gger,  W.  C,  Zeitschr.  Kryst.,  vol.  16,  1890» 
p.  101. 
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rock,  show  that  the  amount  of  gases  concentrated  in  such  mag- 
mas was  not  many  times  that  of  the  gases  originally  distributed 
throughout  the  magma  from  which  the  pegmatite  was  differen- 
tiated; possibly  not  more  than  ten  times  as  much.  In  fact, 
there  are  all  gradations  from  rocks  which  may  be  called  pegma- 
tites to  those  which  do  not  differ  in  any  way  from  ordinary 
igneous  rocks,  some  of  which  may  be  called  contemporaneous 
veins. 

Those  minerals  that  appear  to  depend  largely  upon  the  action 
of  gases  in  magmas  for  their  presence  in  igneous  rocks  have  been 
called  PNEUMATOLYTic;  as  have  also  the  processes,  involving  gases, 
that  have  produced  them.  But  gases  are  present  in  all  igneous 
magmas,  and  the  extent  to  which  they  may  have  influenced 
the  crystallization  of  any  mineral  is  not  always  demonstrable, 
consequently  a  distinction  between  what  may  be  classed  as 
pneumatolytic,  and  what  may  not,  cannot  always  be  made. 

5.  The  chemical  equilibrium  between  the  elements  compos- 
ing a  rock  magma  must  be  altered  to  a  greater  or  less  extent  by 
changes  in  temperature,  pressure,  and  gas  content.  And  this 
should  result  in  differences  in  the  minerals  that  separate  from 
different  parts  of  a  magma.  Should  these  remain  where  they 
crystallized  there  would  result  differences  in  the  mineral  com- 
position of  various  parts  of  the  rock  body,  but  not  in  the  chem- 
ical composition.  Such  mineral  differences  would  not  constitute 
a  differentiation  of  the  magma  in  the  sense  here  employed.  If 
differential  movement,  convection  currents,  took  place,  there 
might  result  a  differentiation  of  the  magma,  which  would  differ 
in  the  chemical  character  of  the  results  according  to  the  kinds  of 
minerals  separated  from  the  magma.  It  might  happen,  then, 
that  differentiation  of  chemically  similar  magmas  by  partial 
crystallization  would  result  differently  according  to  the  con- 
ditions of  temperature,  pressure,  and  gas  content  attending  the 
crystallization  of  each  magma.  At  present  this  is  purely  a 
hypothetical  mode  of  modifying  the  chemical  composition  of 
igneous  magmas. 
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FACIES  OF  IGNEOUS  ROCKS 

A  FACIES  of  an  igneous  rock  is  any  variation  of  the  rock  mass 
which  distinguishes  a  part  of  it  from  the  main  body  of  the  rock, 
either  chemically,  mineralogically,  or  texturally. 

Chemical  fades  may  be  brought  about  by  differentiation  of  a 
homogeneous  magma  by  any  of  the  processes  just  discussed,  and 
may  have  taken  place  in  situ,  or  before  the  magma  was  erupted 
and  intruded  into  the  place  where  it  solidified.  Chemical  facies 
may  also  result  from  the  melting  and  solution  of  other  kinds  of 
rock  by  a  liquid  magma.  A  discussion  of  this  operation  will 
be  found  on  p.  280.  In  this  case  also  solution  may  have  taken 
place  in  situ,  or  before  the  eruption  of  the  magma  to  its  place  of 
solidification. 

Mineral  facies  may  result  in  some  instances  from  the  presence 
of  chemical  facies;  the  chemically  different  parts  of  a  magma 
crystallizing  into  different  kinds,  or  into  different  proportions  of 
the  same  kinds  of  minerals:  Mineral  facies  may  also  result  from 
the  existence  of  different  temperatures,  pressures,  or  amounts  of 
gas  in  various  parts  of  a  homogeneous  magma.  This  is  the  kind 
of  variation  brought  about  by  changes  in  chemical  equilibrium 
already  discussed.  A  further  discussion  of  the  results  of  changes 
in  chemical  equilibrium  follows  along  the  lines  marked  out  in 
Chapter  IV.  The  chief  factor  which  may  change  the  chemical 
equilibrium  among  the  elements  in  a  rock  magma  is  the  varia- 
tion in  chemical  activity  of  hydrogen,  or  hydroxyl,  at  different 
temperatures,  and  with  different  degrees  of  saturation  of  this 
element,  or  compound,  or  radical;  affected  by  differences  of 
pressure.  The  role  of  hydrogen  has  been  suggested  and  dis- 
cussed in  Chapter  IV.  Its  chief  function  would  seem  to  be 
to  hold  some  of  the  silicic  acid  in  combination  at  high  tem- 
perature under  sufficient  pressure,  and  prevent  its  combina- 
tion with  other  base-forming  elements.  It  thus  enters  certain 
silicate  molecules,  as  those  of  the  micas  and  pyrogenetic  amphi- 
boles.  It  may  prevent  silicic  acid  from  combining  to  a  fuller 
extent  with  the  base-forming  elements,  and  allow  silica  to  separate 
in  an  uncombined  state  after  the  breaking  up  of  the  hydrogen 
silicate,  or  orthosilicic  acid,  in  the  presence  of  a  lower  silicate  of 
these  elements.    That  is,  quartz  may  separate  from  magmas 
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together  with  olivine,  in  place  of  hypersthene;  quartz  and  mus- 
covite  may  form  in  place  of  orthoclase  or  leucite;  quartz  and 
biotite  may  form  in  place  of  orthoclase  and  hypersthene;  and 
so  on. 

It  happens,  then,  that  a  magma  may  crystallize  under  one 
set  of  conditions  into  certain  minerals,  such  as  soda-orthoclase, 
quartz,  with  some  pyroxene  and  magnetite,  and  the  same  magma 
under  other  conditions  may  crystallize  into  orthoclase  (micro- 
cline),  albite-oligoclase,  quartz,  with  a  little  muscovite  and 
biotite.  Or,  in  another  case,  a  magma  may  crystallize  into 
potash-bearing  lime-soda-feldspar,  pyroxenes  (augite  and  hyper- 
sthene) with  some  magnetite  and  a  little  quartz,  and  the  same 
magma  under  other  conditions  may  crystallize  into  lime-soda- 
feldspar,  orthoclase,  hornblende,  biotite,  and  more  quartz  than 
in  the  first  instance.  In  each  of  these  cases  the  first  example 
represents  the  mineral  composition  of  a  surface  lava,  and  the 
second  example  that  of  the  coarsely  crystalline  intrusive  rock 
having  like  chemical  composition. 

Less  pronounced  differences  in  mineral  composition  may  occur 
in  different  parts  of  one  body  of  chemically  homogeneous  intru- 
sive rock.  Thus  it  may  happen  that  a  rock,  in  one  portion,  may 
consist  chiefly  of  feldspars,  pyroxene  and  some  quartz,  and  in 
another  portion  there  may  be  hornblende  and  biotite  besides 
some  pyroxene.  Moreover,  the  hornblende  and  biotite  generally 
crystallize  later  than  the  pyroxene  and  some  of  the  feldspar,  so 
that  it  may  be  concluded  that  the  conditions  favorable  to  the 
formation  of  hornblende  and  biotite  obtained  after  the  pyroxene 
had  begun  to  separate  from  the  magma.  Referring  the  forma- 
tion of  hornblende  and  biotite  to  the  influence  of  hydrogen,  it 
would  appear  as  though  the  separation  of  the  earlier  compounds 
from  the  magma  solution  by  reducing  the  volume  of  the  liquid 
increased  the  relative  amount  of  hydrogen,  or  hydrogen  com- 
pounds, in  the  remaining  magma,  and  thereby  brought  about 
conditions  favorable  for  the  formation  of  the  hydrogen-bearing 
compounds,  hornblende  and  biotite.  Such  a  relationship  be- 
tween these  minerals  is  found  in  the  igneous  rock  at  Electric 
Peak,  Yellowstone  National  Park,  ^  and  in  various  other  places. 

*  Iddings,  J.  P.  Twelfth  Ann.  Rept.,  Part  I,  U.  S.  Geological  Survey, 
1892,  p.  606,  and  Monograph  32,  Part  2,  U.  S.  Geological  Survey,  1899, 
p.  101. 
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Mineral  facies  of  this  kind  may  be  looked  upon  as  the  result  of 
changes  in  chemical  equilibrium  that  have  occurred  in  situ,  the 
position  of  the  magma  not  having  changed  since  the  crystals  were 
formed  under  any  particular  set  of  conditions.  There  are  other 
cases  in  which  it  is  evident  that  after  certain  minerals  had 
formed  under  a  given  condition  of  chemical  equilibrium,  the 
magma  containing  them  moved  by  eruption  to  where  conditions 
and  the  chemical  equilibrium  were  different,  with  the  result  that 
the  first  separated  compounds  became  unstable  in  the  magma 
out  of  which  they  had  crystallized,  and  consequently  underwent 
a  molecular  readjustment,  either  to  new  solid  compounds,  or  to 
liquid  solution  in  the  magma.  Examples  of  such  changes  are 
found  in  the  black  borders  of  hornblendes  in  many  lavas  low 
in  silica;  and  in  the  paramorphs  of  hornblende,  consisting  of 
pyroxene,  magnetite,  and  often  feldspar,  already  described  in 
Chapter  IV.  Other  examples  are  furnished  by  the  quartzes 
in  some  basalts,  which  show  by  the  zones  of  glass  and  augite 
crystals  around  them  that  they  were  being  dissolved  by  the 
magma  when  the  rock  solidified. 

Teztural  Facies.  —  Portions  of  a  rock  body  having  different 
texture  from  the  main  mass  of  rock  are  called  textural  facies. 
From  the  discussion  of  texture  in  Chapter  VI  it  is  readily 
understood  how  differences  of  temperature,  pressure,  and  gas 
content  in  various  parts  of  a  body  of  magma  will  produce 
differences  in  the  crystallinity,  granularity  and  fabric  in  dif- 
ferent parts  of  the  rock  body.  Thus  it  may  happen  that  an 
intruded  magma  may  cool  so  rapidly  at  the  margins  that 
crystallization  may  have  begun  here  before  the  magma  came  to 
rest,  so  that  phenocrysts  of  certain  minerals  formed  during  the 
eruption;  that  these  were  followed  by  a  rapid  crystallization 
of  the  magma  at  the  margin  of  the  mass,  forming  a  porphyritic 
facies  with  aphanitic  groundmass.  The  central  portion  of  the 
magma  cooling  slower  may  have  crystallized  to  a  phanero- 
crystalline,  equigranular  rock,  like  a  granite.  Offshoots,  or 
apophyses,  from  the  large  intrusive  body,  may  have  been 
chilled  to  aphanitic  rock.  Such  a  body  of  intrusive  rock 
occurs  at  Eureka,  Nev.,^  and  may  be  found  in  many  other  regions 
of  igneous  rocks. 

In  some  surface  lavas  the  upper  portion  of  the  sheet  may  be 
»  Hague,  A.     Monograph  20,  U.  S.  Geological  Survey,  1892,  p.  223. 
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highly  glassy,  and  when  pumiceous  it  may  be  almost  free  from 
microscopic  crystals;  the  lower  portion  of  the  lava  may  be 
holocrystalline  and  aphanitic.  Such  is  the  case  with  many 
highly  siliceous  lavas.  The  margins  of  some  basalt  dikes  are 
glassy,  the  central  pol-tion  highly  crystalline,  or  holocrystalline. 
When  the  fabric  of  many  rocks  is  considered  closely,  textural 
facies  will  be  found  to  be  still  more  common. 

SOLUTION  OF  ROCK  BY  LIQUID  MAGMA 

In  order  that  a  rock  which  has  become  inclosed  in  liquid 
rock  magma,  or  has  become  adjacent  to  a  body  of  intruded 
magma,  should  be  dissolved  by  the  liquid  magma,  it  is  neces- 
sary  that  it  should  be  heated  to  near  its  melting  point,  or  to 
near  the  eutectic  point  of  the  mixture  of  the  two  rock  masses, 
unless  there  were  a  chemical  reaction  between  the  liquid  and 
solid,  which  might  produce  a  new  compound  liquid  at  some 
temperature  lower  than  those  mentioned.  In  the  case  of  most 
rocks  and  molten  magmas  the  chemical  reaction  possible 
between  the  base-forming  elements  and  the  silicic  acid  that 
may  be  available  is  an  extremely  sluggish  one,  unless  it  be 
accompanied  by  high  temperature.  When  hot  magma  comes 
in  contact  with  rock  at  much  lower  temperature  it  is  necessary 
that  heat  be  diffused  from  the  liquid  to  the  rock  to  raise  its 
temperature  to  near  the  melting  point,  and  the  act  of  lique- 
faction of  a  solid  absorbs  a  considerable  amount  of  heat.  This 
reduces  the  temperature  of  the  liquid  magma,  and  whether 
liquefaction  of  the  solid  takes  place,  or  not,  depends  on  the 
excess  of  heat  in  the  molten  magma  above  its  freezing  point, 
or  that  of  the  new  mixture  which  should  form  from  the  magma 
and  dissolved  rock.  If  the  temperature  of  the  magma  at  the 
time  of  its  intrusion  is  so  high  that  it  can  part  with  enoxigh  to 
melt  the  adjacent  rock  and  remain  a  liquid  itself,  the  rock  may 
be  melted  and  dissolved  by  the  intruded  magma,  provided  it 
is  liquid  enough  to  permit  diffusion  of  the  adjacent  liquid  mole- 
cules. The  solution  of  rock  by  an  intruded  magma  is  then  a 
possibility  under  proper  conditions.  But  to  what  extent  is  it 
probable  that  it  takes  place  under  the  conditions  ordinarily 
attending  such  intrusions?  The  answer  to  this  question  must 
be  found  in  the  composition  and  contact  phenomena  of  igneous 
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rocks  themselves.  The  evidences  required  are  of  two  kinds: 
those  relating  to  changes  in  the  rocks  invaded  by  intrusive 
magma;   and  those  in  the  body  of  the  intruded  magma. 

Evidences  of  melting  of  rock  adjoining  intruded  igneous 
magma  are  sometimes  found  in  very  thin  films  or  layers  of 
glass  a  few  millimeters  thick  along  the  contact  of  certain 
volcanic  lavas  with  various  kinds  of  rocks,  but  not  between 
bodies  of  phanerocrystalline  intrusive  rocks  and  adjacent  rocks. 
This  is  explained  by  the  fact  that  a  chilling,  or  rapid  cooling, 
took  place  in  the  first  instance,  permitting  the  melted  layer  to 
chill  to  glass;  whereas  the  cooling  in  the  second  instance,  being 
slow  enough  to  permit  the  intruded  magma  to  crystallize  com- 
pletely and  megascopically,  also  permitted  the  melted  layer 
along  the  contact  with  the  adjacent  rock  to  crystallize  in  like 
manner.  In  the  case  of  intrusions  of  some  magmas  that  have 
crystallized  coarsely  there  are  evidences  of  profound  changes 
of  crystallization  in  the  adjoining  rock,  which  may,  or  may  not, 
be  accompanied  by  changes  in  chemical  composition.  Such 
changes  belong  to  the  problem  of  contact  metamorphism. 
Whether  such  changes  were  accompanied  by  melting,  or  not, 
may  not  be  determinable.  But  changes  in  the  composition  of 
.  adjoining  rocks  may  be  brought  about  by  infusion  of  vaporous 
solutions  from  the  molten  magma,  a  mode  of  impregnation 
not  strictly  a  solution  of  the  rock  by  the  molten  magma.  Evi- 
dences of  this  kind  of  action  are  oftenest  met  with  where  car- 
bonate rocks  are  invaded  by  igneous  magmas,  the  carbonates 
being  decomposed  and  more  or  less  replaced  by  silicates,  when 
there  is  silica  available  for  the  reaction.  Should  this  not  be 
the  case,  the  carbonate  may  remain  a  carbonate,  even  when 
it  has  been  inclosed,  and  possibly  dissolved,  in  the  igneous 
magma.  This  is  well  shown  in  the  contact  phenomena  along 
the  margin  of  large  bodies  of  nephelite-syenite,  and  of  sodalite- 
bearing  pegmatites  of  this  rock,  in  Dunganon  township.  Eastern 
Ontario.^  Where  they  have  traversed  limestone,  calcite  is 
found  disseminated  through  the  rock  in  coarsely  crystallized 
individuals  in  juxtaposition  with  nephelite,  sodalite  and  albite; 
and  only  a  small  amount  of  calcium  silicate  has  been  produced. 
While  in  the  same  region  where  quartzose  rocks,  granites,  are 
in  contact  with  limestone,  calcium  silicates,  scapolite,  epidote, 
>  Adams,  F.  D.,  and  Barlow,  A.  E.    Trans.  Roy.  Soc.  Canada,  1908. 
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pyroxene  and  amphibole  have  been  formed,  the  results  being 
more  pronounced  where  there  has  been  pneumatolytic  action. 
Evidences  of  chemical  reactions  are  not  commonly  found  where 
the  invaded  rock  is  already  composed  of  silicates,  unless  a 
thinly  fissile  structure  permits  actual  intrusion  of  liquid  magma 
along  planes  of  cleavage. 

Evidences  of  absorption  by  the  igneous  magma  of  material 
from  adjoining  rocks  are  very  slight,  even  in  cases  where  these 
rocks  have  been  profoundly  affected  by  the  intruded  magma. 
There  appears  in  most  cases  to  have  been  almost  no  solution 
and  diffusion  of  material  from  the  adjacent  rocks;  the  chemi- 
cal composition  of  the  igneous  rock  is  not  different  where  it  is 
in  contact  with  quartzite,  limestone,  or  silicate  rocks  of  vari- 
ous kinds.  In  many  cases  of  fine-grained  intrusive,  quartzose 
igneous  rocks  there  is  no  evidence  of  appreciable  reaction 
between  the  igneous  rock  and  the  invaded  rock,  even  where 
this  is  a  carbonate.  It  commonly  happens  that  blocks,  or 
fragments,  of  rocks  are  inclosed  in  molten  magma  without 
exhibiting  evidences  of  solutional  reaction  between  the  magma 
and  inclosed  blocks.  The  contact  surface  between  them  is 
frequently  distinctly  recognizable,  there  being  no  evidence  of 
blending.  Few  statements  as  to  signs  of  solution  and  diffusion 
of  rock  by  igneous  magmas  have  been  substantiated  by  chem- 
ical evidence  of  a  change  in  the  intrusive  igneous  magma,  due 
to  such  a  reaction. 

It  appears  from  a  study  of  intruded  igneous  rocks  that  they 
were  not  sufficiently  heated  to  melt,  or  dissolve,  invaded  rocks 
to  any  appreciable,  or  at  most  to  any  considerable,  extent.  In 
many  cases  the  temperature  was  near  that  of  saturation  for 
some  of  the  components,  and  often  near  the  point  of  solidifica- 
tion of  the  whole  magma,  as  shown  by  the  minuteness  of  the 
crystals  formed  and  by  the  absence  of  metamorphism  in  the 
adjoining  rocks.  And  in  some  cases  of  profound  metamorphism 
of  the  surrounding  rocks  it  appears  to  have  been  escaping 
gases  that  effected  the  change,  the  igneous  rock  exhibiting  no 
signs  of  reaction. 

On  the  other  hand,  there  are  instances  in  which  very  con- 
siderable blending  of  two  igneous  rocks,  or  their  magmas, 
appears  to  have  taken  place.     This  is  not  a  common  phenomenon, 
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however,  and  seems  to  occur  most  conspicuously  on  the  Isle  of 
Skye  according  to  Harker.^  In  this  region  of  igneous  rocks  and 
volcanic  eruptions  there  are  intimately  associated  intrusions  of 
magmas  rich  in  ferromagnesian  compounds  and  low  in  silica, 
gabbros,  and  others  rich  in  alkalic  feldspars  and  silica,  gran- 
ites. These  have  been  intruded  in  contact  with  one  another  in 
large  bodies  that  crystallized  coarse-grained,  and  in  numerous 
nearly  horizontal  sheets  and  vertical  dikes,  where  the  magmas 
cooled  to  finer-grained  rocks.  Along  the  contact  between  these 
bodies  of  different  rocks  there  has  been  a  blending  which  varies 
in  degree  in  different  instances,  and  is  of  such  a  nature  that  the 
more  siliceous  magma  appears  to  have  been  intruded  through 
fissures  already  occupied  by  the  less  siliceous  magma  before  this 
.  had  cooled  appreciably,  and  in  some  cases  apparently  before  it 
had  completely  crystallized.  This,  then,  is  a  blending  by 
mutual  solution  and  partial  diffusion  of  still  heated  rock  by 
molten  magma,  or  of  two  magmas.  This  process  requires  the 
eruption  of  a  second  magma  into  fissures  occupied  by  a  pre- 
vious magma  only  just  crystallized.  The  blending  appears  to 
follow  the  fracturing  of  the  first  rock  into  small  fragments  among 
which  the  intruded  magma  may  permeate.  It  is  not  to  be 
expected  that  molecular  diffusion  will  effect  much  of  a  blending 
unless  convection  currents  set  in  to  promote  the  mixture. 

Hybrid  Rocks.  —  According  to  Harker  there  are  bodies  of  rock, 
marscoite,  which  appear  to  represent  a  thorough  blending  of  the 
two  magmas  prior  to  their  intrusion  into  the  places  where  they 
have  solidified.     Such  rocks  have  been  called  hybrid  rocks. 

Eruptions  of  magmas  at  short  intervals  through  the  same 
fissures,  or  conduits,  are  not  infrequent  occurrences  at  volcanic 
centers,  and  in  most  instances  magmas  that  succeed  one  another 
before  much  cooling  has  set  in,  usually  have  very  similar  chem- 
ical compositions.  In  such  cases  the  contact  of  earlier  and 
later  magmas  results  in  welding,  or  blendings  that  are  scarcely 
noticeable,  or  appear  as  compositional  facies  of  one  body  of 
rock.  This  is  the  character  of  the  somewhat  variable  stocks  of 
igneous  rock  at  Electric  Peak  and  on  Hurricane  Ridge  in  Crandall 
Basin  in  the   Yellowstone   Park  region.'     It  is  not  probable, 

*  Harker,  A.     Memoirs  of  the  Geol.  Survey  of  the  United  Kingdom,  The 
Tertiary  Igneous  Rocks  of  Skye,  Glasgow,  1904,  p.  170,  et  seq. 
'  Monograph  32,  U.  S.  Geological  Survey,  1898,  p.  97  and  p.  246. 
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however,  that  in  these  cases  there  has  been  much  transfusion 
of  material  from  one  magma  to  another  after  intrusion.  The 
possibility  of  blending  two  liquid  magmas,  or  of  changing  the 
composition  of  a  molten  magma  by  the  solution  of  rocks  through 
which  it  was  intruded,  have  been  made  the  bases  for  certain  hy- 
potheses concerning  the  origin  of  various  kinds  of  igneous  rocks. 

HYPOTHESES  AS  TO  DIFFERENTIATION  OF  IGNEOUS  ROCKS 

The  following  very  brief  sketch  presents  some  of  the  hypotheses 
that  have  been  suggested  in  explanation  of  the  diversity  and 
genetic  relationship  of  all  igneous  rocks  at  one  center  of  erup- 
tive activity.  In  1825  Scrope  suggested  that  in  some  crystal- 
line rock,  like  a  granite,  a  process  of  '^intumescencfe"  took 
place,  due  to  interstitial  water  being  highly  heated  and  dissolv- 
ing part  of  the  quartz,  accompanied  by  the  volatilization  of 
the  mica,  the  gaseous  portion  being  forced  out  by  pressure,  and 
the  concentration  and  crystallization  of  this  elsewhere.*  It  is 
interesting  to  note  in  this  connection  the  idea  of  selective  fusion 
and  solution  of  material  at  great  depth  within  the  earth  as  the 
first  source  of  rock  magma,  suggested  by  Chamberlin  and  Salis- 
bury.* In  1844  Darwin"  suggested  that  the  partial  crys- 
tallization of  a  molten  magma  followed  by  the  precipitation 
of  the  crystals,  or  the  draining  away  of  the  liquid,  would  pro- 
duce the  differences  among  genetically  related  igneous  rocks. 

The  precipitation  of  crystals  in  molten  magmas  has  been 
adopted  as  a  whole-,  or  in  part,  as  a  possible  explanation  of 
magmatic  differentiation  by  Lyell,*  Jukes,*  King,*  Brdgger,^ 
Teall,*  Schweig,'  Daly,*®  and  others. 

•  Scrope,  G.  P.     Volcanos,  London,  1825,  pp.  21-26, 

'  Chamberlin,  T.  C,  and  Salisbury,  R.  D.    Geology,  New  York,  1904,  p.  601. 

•  Darwin,  C.     Volcanic  Islands,  London,  1844,  pp.  117-124. 

•  Lyell,  C.    A  Manual  of  Elementary  Geology,  New  York,  1855,  p.  522. 

•  Jukes,  J.  B.     The  Student's  Manual  of  Geology,  Edinburgh,  1857,  p.  81. 

•  King,  C.  U.  S.  Geological  Expl.  Fortieth  Parallel,  Washington,  1878, 
vol.  1,  p.  705,  et  acq. 

^  BrOgger,  W.  C.     Zeitschr.  fur  Kryst.  u.  Min.,  vol.  16,  1890. 

•  Dakyns,  J.  R.,  and  Teall,  J.  J.  H.  Quar.  Jour.  Geol.  Soc.,  London, 
1892,  vol.  48,  pp.  104-120. 

»  Schweig,  M.     Neues  Jahrb.,  fur  Min.,  etc.,  B.  B.  17,  1903,  pp.  516-564. 

*®  Daly,  R.  A.  Festschrift  zum  Siebzigsten  Geburtstage  von  Harry  Rosen- 
busch,  etc.,  Stuttgart,  1906,  203-233.  And  Jour.  Geol.,  vol.  16,  1908,  pp. 
401-120. 
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In  1849  J.  D.  Dana^  suggested  that  in  the  conduit,  or  liquid 
body,  of  a  volcano  the  magma  consisted  of  compounds  of  diflfer- 
ent  viscosities,  such  as  feldspar  and  pyroxene;  the  vaporizable 
ingredients  tending  to  inflate  the  mass  as  it  approached  the 
surface,  lowering  the  density  of  the  more  liquid  portion,  urging 
it  upward  more  freely  and  thus  causing  a  separation.  He  also 
considered  the  magma  as  made  up  of  compounds  not  necessarily 
having  fixed  molecules,  but  as  being  capable  of  entering  vari- 
ous compounds  according  to  conditions  of  temperature,  pressure 
and  rate  of  cooling.  This  capability  of  forming  different  min- 
erals under  different  conditions  was  recognized  also  by  Roth' 
in  1861,  and  is  now  generally  accepted  as  an  established  fact. 

In  1851  Bunsen*  advocated  an  entirely  different  hypothesis 
to  account  for  chemical  differences  among  igneous  rocks  of  one 
region.  It  was  the  blending  of  two  magmas  of  extreme  compo- 
sition to  form  rocks  of  intermediate  composition.  It  required 
the  existence  of  reservoirs  of  magma  of  the  extreme  types,  but 
none  of  intermediate  character.  The  two  magmas  were  called 
trachytic  (feldspathic)  and  basaltic  (pyroxenic). 

In  1853  von  Waltershausen  *  explained  the  differences  in 
the  composition  of  igneous  rocks  as  due  to  the  depth  below 
the  surface  of  the  earth  from  which  they  were  erupted,  on  the 
assumption  that  the  material  of  the  interior  is  arranged  in  zones 
of  greater  density  from  the  surface  downward.  This  was  sup- 
posed to  accord  with  the  generalization,  commonly  accepted  at 
that  time,  that  the  most  ancient  igneous  rocks  were  highly 
siliceous,  or  granites,  and  the  most  recent  ones  highly  ferromag- 
nesian,  or  basalts. 

In  1857  Duro'cher*  suggested  the  existence  of  superimposed 
magmas  within  the  earth,  somewhat  analogous  to  those  assumed 
by  von  Waltershausen.  They  were  chiefly  two,  like  those  of 
Bunsen,  but  there  was  an  inconsiderable  zone  between  them, 
which  furnished  "hybrid''  rocks.     He  also  suggested  the  possi- 

»  Dana,  J.  D.  U.  S.  Expl.  Exped.  Charies  Wilkes,  U.  S.  N.,  Philadel- 
phia, 1849,  vol.  10,  p.  372,  et  seq. 

'  Roth,  J.  Gesteinsanalysen  in  tabellarischer  Ubersicht,  etc.,  Berlin, 
1861,  p.  xxi. 

»  Bunsen,  R.     Pogg.  Ann.  d.  Phys.  u.  Chem.,  vol.  83,  1851,  pp.  197-272. 

*  von  Waltershausen,  S.  IJber  die  vulk.  Gesteine  in  Sicilien  und  Island, 
etc.,  Gdttingen,  1853. 

*  Durocher,  J.     Ann.  des  Mines,  1857,  vol.  11,  pp.  217-259. 
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bility  of  a  diflferentiation  of  magma  erupted  from  this  reservoir 
after  it  had  entered  fissures,  the  process  being  one  of  '* liqua- 
tion'' similar  to  that  known  to  take  place  in  alloys.  This  is  a 
process  of  partial  crystallization,  which  was  first  suggested  by 
Darwin.  Durocher  recognized  the  result  of  such  a  process 
operating  differently  in  different  branches  of  a  system  of  fissures, 
producing  local  variation  among  igneous  rocks. 

In  1858  von  Cotta  ^  advanced  the  hypothesis  that  the  upper 
portion  of  the  earth,  the  crust,  consisted  of  highly  siliceous 
rocks,  while  the  molten  magma  beneath  was  highly  ferromag- 
nesian,  and  that  as  this  was  erupted  through  the  solid  rocks  it 
melted  and  dissolved  various  amounts  in  different  instances. 
This  is  diflferentiation  by  assimilation. 

In  1878  King'  elaborated  the  theory  of  local  diflferentiation 
by  combining  a  number  of  previous  ideas.  The  material  of  the 
earth  was  assumed  to  be  arranged  in  layers  of  increasing  den- 
sity and  differing  composition  downward,  but  remained  solid 
until  brought  into  a  liquid  condition  by  change  of  temperature 
and  pressure.  Then  followed  partial  crystallization  and  precip- 
itation, and  then  eruption. 

In  1888  Teall '  suggested  that  the  concentration  of  certain 
molecular  compounds  in  the  colder  part  of  a  solution  may 
cause  the  diflferentiation  of  rock  magmas.  This  process,  first 
known  as  Soret's  principle,  has  been  advocated  by  Vogt^  and 
Iddings.^ 

In  1889  Rosenbusch  *  adopts  the  theory  of  diflferentiation  of 
rock  magmas,  and  suggests  the  existence  of  certain  chemical 
compounds,  '* kerns,"  as  the  units  of  diflferentiation  and  the 
bases  of  distinction  for  certain  classes  of  rocks.  He  does  not 
advocate  any  particular  process  by  which  diflferentiation  may 
be  accomplished. 

In  1890  Brogger'  suggests  that  molecular  dififusion  toward 

*  von  Cotta,  B.     Geologische  Fragen,  Freiberg,  1858,  p.  78. 

»  King,  C.  U.  S.  Geol.  Expl.  Fortieth  Parallel,  Washington,  1878,  vol.  1, 
p.  705. 

»  Teall,  J.  J.  H.     British  Petrography,  London,  1888,  p.  403. 

*  Vogt,  J.  H.  L.     Geol.  F5ren.  i.  Stockholm  F6rhand.,  1891,  vol.  13,  p.  476. 
5  Iddings,  J.  P.     Bulletin  Phil.  Soc.  Washington,  1892,  vol.  12,  pp.  193-197. 

*  Rosenbusch,  H.  Tscher.  min.  petr.  Mitth.,  1889,  vol.  11,  pp.  144-178. 
'  BrOgger,  W.  C.     Zeitschr.  fur  Kryst.  u.  Min.,  1890,  vol.  16. 
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the  cooler  portion  of  a  magma  (Soret's  principle),  accompanied 
by  partial  crystallization  of  the  "more  basic''  minerals,  may 
have  brought  about  diflferentiation.  This  hypothesis  has  been 
advocated  with  some  modifications  by  Dakyns  and  Teall,* 
Becker,'  Washington,'  Pirsson,*  and  Schweig.* 

For  a  fuller  discussion  of  theories  of  differentiation  the  stu- 
dent is  referred  to  a  paper  on  "The  Origin  of  Igneous  Rocks/' 
by  Iddings,®  and  one  on  "Differentiation  der  Magmen,"  by 
Schweig  just  cited. 

MAGMA  ERUPTION  AND  DIFFERENTIATION 

Without  attempting  to  follow  to  its  ultimate  analysis  the 
problem  of  vulcanism,  but  starting  with  the  existence  of  highly 
heated  rock  material  under  great  pressure  at  great  depths 
beneath  the  surface  of  the  earth,  it  is  desirable  to  consider  its 
possible  condition  before  eruption,  as  well  as  its  experience  in 
moving  upward  and  out  upon  the  earth's  surface. 

The  high  temperature  of  volcanic  lavas  when  they  reach  the 
atmosphere;  the  fact  that  they  were  losing  heat  continually 
from  the  time  of  their  first  movement  upward;  the  evidence 
that  they  were  completely  liquid  at  some  stage  in  their  erup- 
tion, together  with  the  observed  gradient  of  heat  increase 
downward  from  the  surface  of  the  earth,  all  combine  to  show 
that  rock  magmas  come  from  some  region  where  the  tempera- 
ture is  considerably  above  the  melting  point  of  igneous  rocks. 
The  behavior  of  the  earth  as  a  rigid  globe,  and  the  known  effect 
of  pressure  in  counteracting  that  of  heat,  together  with  its 
estimated  high  gradient  of  increase  downward  within  the  earth, 
force  the  conclusion  that  at  sufficient  depth  magma,  though 
hot  enough  to  be  liquid,  behaves  as  a  solid.  Such  conditions  of 
heat  and  pressure  cannot  vary  abruptly  from  place  to  place, 
but  must  be  nearly  the  same  for  large  volumes  of  material; 
and  differences  of  temperature  and  pressure  must  obtain  very 

*  Dakyns,  J.  R.,  and  Teall,  J.  J.  H.  Quar.  Jour.  Gleol.  Soc.,  London, 
1892,  vol.  48,  pp.  104-120. 

*  Becker,  G.  F.     Am.  Jour.  Sci.,  vol.  4,  1897,  p.  257. 

'  Washington,  H.  S.     Bulletin  Geol.  Soc.  America,  vol.  11,  1900,  p.  408. 

*  Pirsson,  L.  V.     Bulletin  U.  S.  Geological  Survey,  No.  237,  1905,  p.  187. 

*  Schweig,  M.     Neues  Jahrb.  fiir  Min.,  etc.,  B.  B.  17,  1903,  p.  516. 

*  Iddings,  J.  P.     Bulletin  Phil.  Soc,  Washington,  1892,  vol.  12,  pp.  89-213. 
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gradually,  chiefly  in  a  vertical  direction.  Magma  in  such  a 
position  must  be  in  a  virtually  static  condition  until  it  experi- 
ences change  of  pressure  or  stress;  whatever  its  composition,  it 
must  remain  unchanged. 

A  change  of  stress  may  come  about  by  movement  in  the 
overlying  portion  of  the  earth.  Orogenic  movement,  readjust- 
ment of  the  upper,  rigid,  rock  masses  from  whatever  cause, 
when  profound  must  affect  the  stresses  in  still  deeper  parts. 
The  known  crustal  movements  behave  as  bendings  of  the  upper 
rock  mass  which  in  places  at  the  earth's  surface  appear  to 
resijlt  in  tensile  stresses,  in  places  in  compressional  stresses. 
Beneath  each  of  these  the  effective  stresses  must  be  of  the 
opposite  kind;  under  the  tensile,  compressive  stresses;  and 
under  the  upper  compressive  ones,  tensile  stresses.  Tensile 
stresses  should  occur  at  some  distance  below  ocean  beds,  and 
more  especially  along  the  borders  of  oceans  and  continents. 
Compressive  stresses  should  occur,  in  general,  beneath  conti- 
nental masses. 

Tensile  stress,  as  at  the  bottom  of  a  synclinal  arch,  operating 
in  a  rigid  mass  must  communicate  itself  downward  as  far  as 
the  mass  behaves  rigidly.  Where  the  hot  mass  is  potentially 
fluid,  that  is,  is  kept  solid  by  pressure,  change  of  stress  must  be 
followed  by  change  of  position  of  the  mass.  A  tendency  to 
pull  apart  or  stretch  in  the  potentially  fluid  mass  must  be  fol- 
lowed by  a  yielding  of  the  mass.  At  a  point  sufficiently  cool 
for  the  mass  to  act  as  a  solid  a  tendency  to  fracture  and  to 
open  a  fissure  would  be  followed  by  a  movement  of  the  slightly 
more  heated  mass  beneath  to  occupy  the  space  between  the 
fractured  solid.  These  differences  of  temperature  and  of  rigid- 
ity are  to  be  understood  in  a  mathematical  sense  as  differen- 
tial; there  being  a  gradation,  of  physical  conditions  between 
adjacent  parts  of  the  mass.  There  will  be  no  open  space,  or 
fissure,  in  the  ordinary  sense.  But  it  must  be  understood  that 
at  whatever  depth  the  mass  may  be  considered  solid,  there  it 
may  fracture,  part,  and  become  the  walls  of  a  layer  or  body 
of  intruded  liquid,  provided  the  liquid  have  nearly  the  same 
density  as  the  solid  mass.     The  statement  made  by  Hoskins,* 

>  Hoskins,  L.  M.     Sixteenth  Ann.  Rept.  U.  S.  Geological  Survey,  1896, 
Pt.  1,  pp.  845-872. 
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that  open  cracks,  or  fissures,  cannot  exist  at  greater  depths 
than  about  10,000  meters,  was  made  on  the  assumption  that 
the  filling  is  water;  the  difference  in  weight  of  the  rock  and 
the  hydrostatic  pressure  of  the  corresponding  column  of  water 
being  compared  with  the  crushing  strength  of  the  solid  rock. 
When  the  liquid  is  heavier  than  water  the  same  method  of  cal- 
culation allows  fissures  filled  with  such  liquid  to  exist  at  greater 
depths;  and  if  the  weight  of  the  column  of  liquid  equals  that 
of  the  wall  rock,  the  two  will  remain  in  equilibrium  at  any 
depth.  Consequently,  at  any  depth  in  the  earth's  mass  where  a 
tendency  to  part  may  exist,  hotter  and  potentially  more  fluid 
material  beneath  may  move  up  and  permit  the  parting  of  the 
slightly  more  rigid  mass  to  take  place.  This  would  appear  to 
be  the  initial  step  in  the  eruption  of  rock  magma.^ 

As  the  mass  shifts  its  position  upwards  the  pressure  upon  it 
decreases,  resulting  in  some  expansion  of  the  volume,  some 
decrease  in  density,  some  increase  in  mobility.  And  the  rising 
mass  is  hotter  than  the  masses  between  which  it  is  rising,  unless 
the  movement  is  at  the  same  rate  as  the  diffusion  of  heat.  In 
proportion  as  the  tensile  stress  is  strong  the  upward  movement 
will  be  pronounced,  and  may  result  in  a  flow  of  very  dense,  hot, 
viscous  magma  toward  the  surface  of  the  earth.  The  greater 
the  vertical  distance,  and  the  more  rapid  the  rate  of  movement, 
the  greater  the  difference  in  temperature  between  the  magma  . 
and  the  inclosing  mass. 

That  the  eruption  of  rock  magma  is  consequent  upon  the 
adjustment  of  accumulated  stresses  within  the  overlying  rocks 
is  indicated  by  the  sequence  of  fractures  and  lava  flows  in  the 
uppermost  parts  of  the  earth,  and  the  opening  of  eras  of  great 
volcanic  activity  after  profound  orogenic  movements  have  dis- 
turbed the  comparatively  quiet  action  of  forces  that  have  been 

^  A  different  conception  of  the  act  of  intrusion  of  igneous  rocks  has  been 
expressed  hy  R.  A.  Daly,  who  states  that  the  ailment  is  based  on  the 
hypothesis  of  a  solid  crust  floating  on  a  liquid  substratum;  involves  the 
extensive  assimilation  of  schists  and  sediments  by  a  primal  gabbroid  magma; 
and  assumes  that  the  liquid  magma  by  heating  and  expanding  adjacent 
portions  of  solid  rock  spalls  off  layers,  or  blocks,  which  descend  and  dissolve 
in  the  liquid,  and  by  this  process,  termed  magmatic  stoping,  progresses 
upward  toward  the  surface  of  the  earth.  Mechanics  of  Igneous  Intrusion, 
Am.  Jour.  Sci.,  vol.  15,  1903,  p.  269;  and  vol.  16,  pp.  107,  267.  Also  Abyssal 
Igneous  Injection,  etc.,  ibid.,  vol.  2^  1906,  pp.  195-216. 
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gradually  shifting  the  stresses  within  the  outer  portion  of  the 
earth.  The  magnitude  of  the  adjusting  action  is  evinced  by  the 
extent  of  territory  simultaneously  affected;  as  for  example, 
the  initiation  of  volcanic  action  on  a  gigantic  scale  throughout 
western  America  at  the  end  of  Cretaceous  time,  after  an  enormous 
period  of  nearly  uniform  conditions  of  comparative  quiet. 

The  eruptive  impulse,  or  energy,  causing  the  upward  flow  of 
magma,  must  originate  in  the  expansion  of  the  magma  upon  relief 
of  pressure  consequent  upon  the  adjustment  of  stresses  in  the 
overlying  mass,  and  from  the  expansive  energy  of  dissolved  gases. 
That  the  eruptive  force  is  of  the  same  order  of  magnitude  as  the 
stresses  within  the  earth's  crust  is  shown  by  the  relatively  small 
amount  of  material  erupted  upon  the  surface  of  the  earth  com- 
pared with  the  bulk  of  the  whole;  by  the  common  intrusion  of 
magma  along  fracture  planes  and  along  those  of  structural 
weakness,  rather  than  at  random  through  rock  masses;  and  most 
conspicuously,  by  the  evidence  of  equilibrium  with  the  atmos- 
phere maintained  by  lava  in  volcanic  craters.  Open  vents  are 
known  to  exist  for  centuries  without  great  extrusion  of  rock 
magma,  as  at  Stromboli.  The  stresses  which  produce  conden- 
sation of  volume  in  proportion  to  depth  and  the  results  of  expan- 
sion of  volume  are,  therefore,  somewhat  evenly  balanced.  The 
effect  of  expanding  gases  is  shown  in  the  explosive  character  of 
many  eruptions,  and  the  periodic  character  of  all  eruptions  from 
open  vents,  or  volcanoes.  It  must  increase  the  volume  of  all 
magmas  as  pressure  is  relieved.  Its  effectiveness  must  increase 
with  increase  in  the  amount  of  gas  in  magma,  which  may  result 
from  diffusion  of  gas  from  greater  depths  of  magma,  and  also 
from  accession  from  adjacent  rocks  under  favorable  conditions. 

Spasmodic  eruption  may  follow  sudden  yielding  of  overlying 
rocks  to  long-continued  stresses,  as  in  the  case  of  massive,  or 
fissure,  eruptions  where  there  may  have  been  no  considerable 
explosive  action  of  gas;  or  it  may  result  from  an  accumulation  of 
gas  pressure  sufficient  to  rupture  overlying  rock  masses.  Erup- 
tion is  then  accompanied  by  abundant  evidence  of  explosion. 
Both  causes  undoubtedly  operate  together  in  most  cases.  Peri- 
odic eruption  from  volcanic  craters  probably  follows  the  gradual 
accumulation  of  gas  and  heat  within  the  magma,  and  acts  in  the 
same  manner  as  the  periodic  eruption  of  water  from  geysers. 


MAGMA  ERUPTION  AND  DIFFERENTIATION  291 

In  so  far  as  magmatic  eruption  is  a  result  of  volumetric  expan- 
sion of  the  magma  due  to  relief  of  pressure,  the  shrinkage  of 
volume  due  to  cooling  will  retard  eruption,  or  eventually  stop  it. 
Crystallization  will  operate  in  the  same  direction.  In  proportion 
as  eruption  is  due  to  expansion  of  dissolved  gas,  the  escape  of  gas 
from  magma,  or  the  reduction  of  supply,  will  lessen  the  force  of 
eruption,  or  eventually  put  an  end  to  it.  The  supply  of  gas  from 
great  depths  may  be  reduced  by  the  gradual  diffusion  of  whatever 
is  in  a  position  to  be  appreciably  diffused;  or  the  supply  from 
rocks  adjacent  to  intruded  magma  may  be  cut  off  by  the  closing 
of  pores  in  these  rocks  through  metamorphism;  porous  rocks 
becoming  dense  and  almost  impervious  to  gases.  In  these  ways 
eruptive  action  initiated  by  crust al  readjustment  after  con- 
tinuing for  variable  periods  may  come  to  an  end.  Readjust- 
ment of  stresses  may  recur  from  time  to  time  in  any  region, 
either  at  such  widely  remote  periods  that  the  volcanic  activities 
associated  with  each,  readjustment  constitute  distinct  and 
separate  periods;  or  at  such  frequent  intervals  that  the  results 
of  several  profound  movements  are  combined  to  form  a  prolonged 
period  of  complex  volcanic  eruptions.  Examples  of  various 
cases  illustrating  these  relationships  will  be  found  in  the  descrip- 
tive part  of  this  book.  Volume  II.  Those  eruptive  actions  which 
affect  a  wide  range  of  territory  and  appear  to  have  very  deep- 
seated  origin  have  been  called  regional.  Those  whose  influence 
is  confined  to  a  narrow  range,  as  about  a  particular  volcano,  are 
called  LOCAL, 

Independence  of  action  at  neighboring  volcanoes,  either  as  to 
period  of  eruption,  volume  of  magma  erupted,  explosive,  or 
quiet,  character  of  action,  or  relative  height  of  lava  column  in 
conduit  of  volcanoes,  follows  from  local  variation  in  the  factors 
entering  into  the  process  of  magma  eruption,  such  as:  the  volume 
of  magma  involved  in  each  conduit  extending  to  profound 
depths;  the  shape  of  the  conduit;  the  temperature  of  the  magma; 
the  rate  of  cooling;  the  amount  of  gas  diffused  in  any  given  time; 
the  character  of  surrounding  rocks;  and  the  stability  of  the  rock 
mass  as  a  complex  whole.  The  chemical  composition  of  the 
magma  is  also  a  factor  involved  in  the  activity  of  a  particular 
volcano.  But  the  composition  of  the  magma  is  also  a  feature 
by  which  volcanoes  may  show  independence.     The  occasion  for 
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such  differences  in  neighboring  volcanoes  is  to  be  sought  in 
variation  in  the  differentiation  of  magmas  during  the  course  of 
their  eruption  from  deep-seated  sources  to  the  surface  of  the 
earth.     What  such  variations  may  be  will  be  considered  briefly. 

Deep-seated  magma  by  reason  of  the  very  gradual  or  slow 
changes  that  take  place  may  be  located  where  no  differentiation 
can  take  place.  Its  composition  remains  constant.  A  sudden 
eruption  from  such  depth  to  the  surface,  or  near  it,  would  bring 
up  magma  having  the  'composition  of  the  primitive  magma.  If 
the  magma  is  located  where  differentiation  may  take  place 
through  differences  of  temperature,  these  changes  will  be  slower 
the  less  the  variations  in  temperature,  that  is,  the  greater  the 
depth. 

Magma  that  has  been  erupted  to  higher  levels  will  experience 
greater  differences  of  temperature  in  different  parts,  and  will 
undergo  greater  differentiation  in  any  given  time  when  compared 
with  deeper-seated  magma,  other  things  being  equal.  The  size 
and  shape  of  the  fissure,  or  conduit,  will  modify  the  rate  of  dif- 
ferentiation. The  temperature  of  adjacent  rocks  depends  not 
only  on  their  depth  below  the  earth's  surface,  but  to  what  extent 
they  have  been  heated  by  the  previous  passage  of  magma.  It 
follows  from  this  that  magrha  on  its  way  to  the  earth's  surface 
will  experience  different  degrees  of  differentiation  in  different 
parts  of  its  course  through  conduits,  or  fissures,  variously  shaped 
and  branched. 

Complementary  Rocks.  —  A  necessary  result  of  the  liquid 
differentiation  of  a  mixed  solution  is  that  for  any  derived  portion 
having  a  given  composition  there  must  be  another  portion,  or 
portions,  having  complementary  compositions,  so  that  their 
combination  will  yield  the  original  solution.  No  elements  are 
lost,  or  eliminated,  in  such  a  differentiation.  When  differentia- 
tion results  from  the  crystallization  and  solidification  of  a  portion 
of  a  magma  the  case  is  different;  there  may  remain  but  one  differ- 
entiated liquid  portion.  In  cases  where  large  bodies  of  magma 
separate  into  two  liquid  portions  having  different  compositions, 
these  must  occupy  different  parts  of  the  conduit,  or  reservoir; 
and  either  one  or  the  other  may  be  erupted  first,  according  to 
their  relative  positions  and  the  location  of  the  openings  through 
which  they  are  erupted.     If  a  more  feldspathic,  or  more  siliceous, 
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portion  be  situated  at  the  center  of  a  reservoir,  and  a  more  ferro- 
magnesian  portion  at  the  margin,  then  fissures  tapping  the  cen- 
ter from  directly  above  may  draw  ofif  the  more  salic,  central 
magma,  while  fissures  at  the  margin  of  the  reservoir  may  draw 
off  the  more  femic  magma.  This  is  known  to  happen  repeatedly 
at  volcanic  centers;  dikes  of  such  complementary  rocks  being 
closely  contemporaneous.  Should  two  liquid  portions  having 
different  compositions  exist  one  above  the  other,  in  a  reservoir, 
a  fissure  tapping  it  from  above  would  be  expected  to  draw  off  the 
upper  portion  before  the  lower.  But  this  would  not  necessarily 
always  be  the  case,  for  should  the  upper,  and  lighter,  portion  be 
the  more  viscous,  the  common  case  with  rock  magmas,  and  the 
lower  portion  the  more  liquid,  it  is  possible  for  the  more  liquid 
magma  to  pass  upward  through  the  more  viscous,  owing  to  the 
greater  internal  friction  in  the  more  viscous  liquid.  A  differential 
flow  of  the  two  portions  would  take  place,  resulting  in  thie  more 
liquid  passing  through  the  viscous,  according  to  the  size  of  the 
opening  and  the  velocity  of  the  flow. 

Thus  it  may  happen  that  complementary  magmas  may  follow 
one  another  through  the  same  fissures,  producing  composite 
dikes  and  sheets,  which  are  of  common  occurrence  in  the  region 
of  Tertiary  rocks  in  Great  Britain,  and  occur  to  a  less  extent  in 
other  parts  of  the  world.'  In  the  Isle  of  Skye  the  two  kinds  of 
magma  were  erupted  so  near  together  in  time  that  the  second 
(salic)  appears  to  have  found  the  first  (femic)  still  hot,  and  in 
some  places  possibly  not  completely  crystallized  or  solidified.' 

From  the  foregoing  considerations  it  is  clear  that  within  one 
region  of  volcanic  activity  there  may  occur  at  the  beginning  of  a 
period  of  eruptions  vast  outpourings,  op  explosions,  of  lavas 
having  the  composition  of  some  deep-seated  magma,  which  may 
be  called  the  parent  magma  in  that  region.  This  magma,  occu- 
pying  fissures  and  conduits  of  various  sizes  and  shapes,  under- 
goes differentiation,  whose  extent  and  rate  vary  with  conditions 
in  each  part  of  the  complex  system  of  reservoirs,  chiefly  with 
respect  to  physical  conditions,  and  the  length  of  time  it  may 
remain  within  any  part  of  the  reservoir.  In  some  places  the 
magma  enters  branches  from  which  it  does  not  escape.     Here  it 

*  For  bibliographic  references  see  Harker,  A.     Memoir  of  the  Geological 
Survey  of  the  United  Kingdom,  Glasgow,  1904.  pp.  198-200. 
»  Ibid.,  pp.  169-234. 
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solidifies  as  intruded  bodies,  having  various  shapes  and  sizes, 
which  have  been  called  batholiths,  laccoliths,  bysmaliths,  plugs, 
sheets,  sills,  dikes,  veins,  etc.     Into  these  the  magma  may  have 
entered  at  various  temperatures  in  different  instances,  or  it  may 
have  cooled  to  various  temperatures  before  it  came  to  rest  at  the 
end  of  its  course.     In  these  branches  it  may  have  been  differen- 
tiated,   or   not,    according   to    circumstances.     Through    some 
branches  of  the  conduit,  magma  reaches  the  surface  of  the  earth 
and  flows  out  as  lava,  or  explodes  into  dust  and  fragments. 
Clearly  the  composition  of  the  magma  reaching  the  surface  will 
depend  upon  how  much  differentiation  has  taken  place  since  it 
started  from  the  place  of  the  parent  magma,  also  upon  what  por- 
tion of  some  higher  reservoir  it  has  been  drawn  from.     It  may 
happen  that  through  one  branch  conduit  salic  magma  continues 
to  flow  for  some  time  and  reaches  the  earth's  surface  in  a  series  of 
small  eruptions  building  a  volcanic  cone,  while  through  another 
branch  femic  magma  may  flow  and  construct  a  volcano.     Such 
differences  exist  in  some  neighboring  volcanoes  in  many  regions. 
Or  the  magma  erupted  at  one  volcano  may  vary  in  composition 
from  time  to  time,  at  first  having  an  intermediate,  or  average, 
composition,  and  then  becoming  more  and  more  diverse  until  the 
last  magmas  erupted  exhibit  the   most  extreme  differences  of 
composition.     While  these  events  are  taking  place  it  may  happen 
that  a  profound  eruption  may  bring  to  the  surface  large  volumes 
of  magma  like  the  parent  magma,  which  must  have  existed 
unchanged  while  the  smaller  bodies  of  derived  magmas  were 
undergoing  various  degrees  of  differentiation.      This  eruption 
may    be    followed    by   long   series  of    eruptions   of   variously 
modified  derived  magmas.     And  finally  there  may  follow  vast 
eruptions,  of  regional  extent,  of  differentiated  magmas  from  pro- 
found depth,  which  flowed  from  some  large  reservoir  in  which 
differentiation  had  been  progressing  more  slowly  than  in  the 
smaller,  higher   reservoirs    or  conduits   tributary  to   individual 
volcanoes.     Such  a  history  is  that  of  the  region  embracing  the 
northwestern  corner  of  Wyoming,  with  neighboring  portions  of 
Idaho  and  Montana,*  and  is  no  doubt  that  of  many  other  volcanic 
regions. 

^  Iddings,  J.  P.     Extrusive  and  Intrusive  Rocks  as  Products  of  Magmatic 
Differentiation.    Quar.  Jour.  Geol.  Soc.,  Liondon,  1896,  vol.  52,  pp.  606-617. 
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In  a  region  of  complex  volcanic  activities  there  can  be  no  simple 
order  of  succession  of  magmas  so  far  as  their  composition  is  con- 
cerned, since  different  kinds  of  magma  may  be  issuing  from 
neighboring  volcanic  craters.  The  simpler  the  acts  of  eruption, 
as  in  the  series  of  fissure  or  massive  eruptions  in  Nevada,  Utah, 
and  elsewhere,  the  more  definite  the  succession  from  intermediate 
to  alternate  extremes  of  composition.  And  in  localities  where 
but  part  of  a  full  cycle  of  eruptions  may  be  exposed,  or  where 
differentiation  may  have  been  accomplished  by  partial  crystalli- 
zation and  solidification  of  part  of  the  magma  reservoir,  the  com- 
position of  magmas  at  successive  eruptions  may  vary  in  only 
one  direction. 


CHAPTER  VIII 
MODES  OF  OCCURRENCE  OF  IGNEOUS  ROCKS 

Having  considered  the  composition,  eruption,  and  solidi- 
fication of  rock  magmas,  it  is  in  order  to  describe  the  waj'^s  in 
which  they  may  appear  as  bodies  of  rock.  These  are  in  part 
of  such  a  nature  that  the  process  of  formation  can  be  actually 
observed  and  investigated  while  in  operation.  In  part  they 
are  such  that  their  formation  cannot  be  observed,  but  may  be 
understood  from  the  shapes  of  the  rock  bodies,  and  from  their 
relations  in  space  to  adjacent  rocks,  and  from  other  character- 
istics. To  the  first  group  belong  extrusive  eruptive  rocks. 
The  second  embraces  intrusive  ones. 

Extrusive  rocks  occur  in  the  form  of  lava  streams  and  sur- 
ficial  sheets,  mud  flows  of  tuff,  heaps  and  beds  of  dust  and 
stones,  sometimes  reckoned  as  tuflf,  sometimes  are  breccia; 
also  as  lapilli  and  bombs.  Intrusive  rocks  assume  the  form  of 
dikes,  sheets. or  sills,  laccoliths,  and  of  other  bodies.     The  chief 

characteristics  of  each  of  these  modes  of  occurrence  will  be 

< 

briefly  described. 

EXTRUSIVE  BODIES 

Lava  Streams  (Stromen,  coulees)  and  Sheets  (Decken). 
Molten  lavas  reach  the  earth's  surface  through  narrow  openings, 
such  as  volcanic  craters,  usually  at  the  summit  of  mountains, 
or  through  crevices  of  variable  length  in  the  sides  of  volcanic 
cones;  or  they  may  flow  through  immense  fissures  that  traverse 
the  country  for  miles  and  are  without  connection  with  any 
volcanic  cone.  In  all  cases  the  lavas  may  have  the  same  char- 
acters and  the  resulting  rocks  may  be  petrographically  identical. 
In  any  case  the  lavas  may  vary  in  liquidity,  sometimes  being 
highly  viscous  and  stifif,  at  others  being  so  liquid  as  to  resemble 
water  in  their  movement,  as  at  Kilauea  on  Hawaii.  Differences 
in  liquidity  may  be  due  to  three  causes:  First,  differences  in 
viscosity,  due  to  differences  in  composition,  the  more  siliceous 

296 
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lavaa  being  more  viscoua  for  a  given  temperature.  Second, 
the  temperature  may  differ  in  different  cases,  since  it  cannot  be 
assumed  that  all  lavas  reach  the  earth's  surface  at  one  and  the 
same  temperature.  Third,  there  may  be  a  greater  or  less  amount 
of  dissolved  gases  in  different  lavas;  the  presence  of  gases  greatly 
increasing  the  fluidity  of  the  molten  mass,  as  already  explained. 
From  this  it  may  be  expected  that  the  forms  of  solidified 
lava  streams  will  vary  greatly.  The  more  liquid  will  move 
more  rapidly  and  travel  farther,  becoming  thinner.  If  poured 
out  from  a  crater  on  a  steep  cone,  they  will  form  narrow  streams, 
generally  following  channels  of  drainage,  often  continuing 
down  the  river  valleys  for  many  miles.    The  illustration.  Fig.!, 


Fia.  1.    KiLAUBAN  Lava  or  1881  Pouring  over  Cutp.     (Williama.) 

shows  the  thin  lava  of  Kilauea,  erupted  in  1881,  pouring  over  a 
cliff  into  water.  Some  of  these  flows  at  Hawaii '  are  30  miles 
in  length,  others  in  Iceland'  are  50  miles  long.  Liquid  magmas 
when  poured  out  from  large  fissures  flood  the  surrounding 
country  with  a  broad  sheet  of  lava,  like  the  waters  of  a  lake, 

'  Dana,  J.  D.    Characteristics  of  Volcanoes,  for  facts  regarding  the  volcanic 
phenomena  of  the  Hawaiian  Islands. 

>  Geikie,  Text  Book  of  Geology,  3d  Ed.,  p.  222. 
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often  very  wide  and  comparatively  thin.  Occasionally  such 
floods  may  be  of  enormous  proportions,  such  as  the  basalts 
of  Idaho,  the  Deccan  basalts  in  India.  The  rhyolite  lavas  in 
the  region  of  the  Yellowstone  Park  *  have  spread  over  a  terri- 
tory of  more  than  2000  square  miles,  the  southwestern  limits  of 
which  are  not  known.  The  vast  sheet  is  more  than  2000  feet 
thick  near  its  center.  More  viscous  lavas  will  move  more 
sluggishly,  will  travel  shorter  distances,  and  will  pile  themselves 
up  into  mounds,  domes,  and  mountain  masses. 

There  are  structural  characteristics  of  lava  streams  by  which 
they  may  be  identified,  even  if  subsequently  buried  beneath 
other  rocks.  These  differ  somewhat  according  to  the  nature 
of  the  lava  when  flowing.  The  more  viscous  lavas  crack  on  the 
surface,  which  solidifies  before  the  central  portion,  and  the 
fragments  move  over  one  another,  producing  a  confusion  of 
angular  blocks  sometimes  called  a- a.  These  occur  both  at  the 
bottom  and  top  of  the  sheet  or  stream.  They  merge  into  the 
central  portion,  which  solidifies  after  the  lava  comes  to  rest  and 
forms  a  massive  rock.  The  rock  fragments  are  scoriaceous  and 
slag-like,  often  vesicular  and  carious.  The  massive  portion 
may  be  dense  or  vesicular;  the  vesicles  frequently  flattened  or 
elongated  in  the  direction  of  the  flow.  It  may  even  be  pumi- 
ceous. 

When  the  lava  is  more  liquid  there  is  less  crust  formed  before 
it  comes  to  rest,  and  consequently  few  if  any  fragments  of  slag 
in  its  upper  and  lower  surfaces.  The  massive  rock  may  then 
extend  down  to  the  bottom  of  the  sheet.  This  is  naturally 
accompanied  by  evidences  of  the  heating  of  the  underlying 
rocks  when  their  nature  is  such  as  to  be  affected  by  it.  The 
upper  surface  may  then  be  rough  with  slag-like  hummocks,  or 
smooth  with  ropy  contortions,  called  pahoehoe.  Fig.  2;  or  it 
may  be  highly  vesicular  and  pumiceous,  according  as  there  was 
little  or  much  vapor  to  escape  and  expand  the  lava.  The 
obsidian  flow  of  Rocce  Rosse  on  Lipari  is  but  slightly  inflated 
and  vesicular  on  its  upper  surface.  That  at  Obsidian  Cliff  in 
the  Yellowstone  Park  had  for  its  upper  surface  a  white  pumice. 

The  central  mass  of  the  flow  may  have  a  homogeneous  tex- 

»  Hague,  A.  Am.  Inst.  Mining  Eng.  Trans.,  vol.  16,  1888,  pp.  783-803, 
and  Iddings,  J.  P.,  Quar.  Jour.  Geol.  Soc,  vol.  53,  1896,  p.  613. 
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ture  throughout,  or  it  may  be  banded  and  streaked  in  layers 
parallel  to  the  planes  of  flow.  In  some  cases  it  may  be  finely 
laminated  in  the  same  planes.  The  former  is  more  character- 
istic of  less  siliceous  lavas,  the  latter  of  more  siliceous  lavas. 
The  planes  of  flow  may  be  folded  and  curved  according  to  the 


Fig.  2.     Kii.auean  Lava,  Paboghog.    (Cross,  U.  S.  Geological  Survey.) 

movement  of  the  lava.  In  very  thick  sheets  the  texture  of  the 
rock  varies  noticeably  from  the  upper  and  lower  surfaces  toward 
the  middle,  e.speeially  in  more  siliceous  lavas.  Tfie  outer  por- 
tions are  more  or  less  glassy,  the  inner  parts  more  crystalline. 

The  cracking  of  the  lava  upon  contraction  is  also  character- 
istic and  will  be  described  more  particularly  later  on.     It  pro- 
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duces,  oraoks  in  parallel  planes  in  some  cases,  generally  near  the 
surfaces  of  cooling  and  parallel  to  them;  more  often  prismatic, 
or  columnar,  cracking  which  is  nearly  perpendicular  to  the 
cooling  surfaces,  the  columns  usually  standing  vertically  and 
being  in  certain  cases  curved.  There  is  generally  a  set  of  thicker 
columns  at  the  bottom  of  the  sheet  and  one  of  thinner  columns 
in  the  upper  part.  This  is  often  the  case  in  basaltic  lavas,  but 
less  often  in  rhyolitic  ones. 

Streams  or  sheets  of  lava  conform  to  the  surface  of  the 
country  over  which  they  flow,  seeking  the  lower  levels  and 
accumulating  in  depressions  or  drainage  channels.  They  catch 
up  loose  fragments  of  rocks  over  which  they  may  flow,  which 
become  inclosed  in  the  lower  portion  of  the  lava.  And  when 
they  flow  over  fine  sand  or  mud,  this  penetrates  the  crevices 
between  the  scoriaceous  fragments.  The  presence  and  char- 
ter of  such  foreign  material  indicate  the  nature  of  the  surface 
over  which  the  lava  flowed.  This  is  well  shown  in  the  clay- 
like material  filling  interstices  between  blocks  of  basalt  exposed 
on  the  Sicilian  coast  at  Acicastello,*  and  in  the  calcareous  mud 
filling  cracks  in  a  basalt  sheet  in  the  Connecticut  valley.' 

Occasionally  lava  in  flowing  separates  into  lumps  or  small 
masses  that  assume  rounded  forms  and  when  solidified  in  a 
closely  pressed  aggregation  have  the  appearance  called  pillow 

STRUCTURE. 

Changes  in  the  underlying  rocks  produced  by  heat  from  lava 
flows  are  seldom  observed,  for  as  already  pointed  out  the  sur- 
face of  the  lava  is  chilled  and  often  solidified  during  the  move- 
ment over  these  rocks,  and  it  is  seldom  that  highly  heated, 
molten  lava  comes  in  contact  with  the  rocks  over  which  it  flows. 
In  some  instances  slight  changes  have  been  produced,  but  gen- 
erally the  heat  is  insufficient. 

Domes  (Kuppen). — When  lava  reaches  the  earth's  surface  in 
so  viscous  a  condition  that  it  does  not  flow  easily,  it  will 
hot  spread  far,  but  will  pile  itself  up  in  a  dome-shaped  mass 
immediately  over  the  orifice  through  which  it  was  extruded. 
The  form  of  the  mass  is  not  necessarily  a  symmetrical  one, 

*  See  Platania's  account  in  The  Southern  Italian  Volcanoes,  ed.  by  Johns- 
ton-Lavifi,  Naples,  1891,  p.  42. 

'  Emerson,  B.  K.     Bulletin  Geol.  Soc.  Am.,  vol.  8,  1897,  p.  59. 
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indeed  a  symmetrical  form  must  be  the  exception.  The  mate- 
rial being  supplied  from  beneath  the  mass,  it  is  evident  that  the 
surface  after  chilling  and  taking  on  the  scoriaceous  and  slag- 
like characters  of  viscous  lava  streams,  would  be  constantly 
stretched  and  cracked  by  the  swelling  of  the  molten  mass 
within,  so  that  the  rising  surface  of  the  dome  would  present  the 
appearance  of  an  extrusion  of  f ragmen tal  blocks,  as  in  the  case 
of  the  eruption  of  the  Isles  of  May  at  Santorin  in  1866  described 
by  Fouqu6,^  or  in  that  of  the  island  of  rock  that  rose  from  the 
Lake  of  Ilopango,  Salvador,  on  January  20,  1880.* 

Subsequent  erosion  would  remove  the  loose  outer  portion 
and  modify  the  original  shape  of  the  body,  leaving  the  massive 
central  part,  in  which  the  planes  of  flow  should  be  quite  tor- 
tuous or  more  regularly  disposed,  according  to  the  internal 
movement  of  the  lava  when  molten.  The  lamination  of  such 
domes  may  be  found  in  many  positions  for  this  reason,  though 
often  possessing  a  general  parallelism  to  the  outside  of  the 
dome. 

Since  the  more  siliceous  lavas  are  generally  the  more  viscous 
when  extruded,  they  are  oftener  found  in  domes  than  the  less 
siliceous  ones.  But  the  latter  may  in  some  cases  be  erupted  in 
a  highly  viscous  condition,  so  that  domes  of  all  kinds  of  lavas 
occur.  Those  of  highly  siliceous  lavas  are  quite  frequent. 
Domes  of  rhyolite  and  andesite  occur  in  the  Eureka  district, 
Nevada.'  Domes  of  phonolite,  trachyte,  and  basalt  occur  in 
numerous  localities  in  France,  Germany,  and  Bohemia. 

The  spine  of  Mont  Pel^e,  on  Martinique,  seems  to  have  been 

an  exceptional  case  of  massive  extrusion  of  highly  viscous,  if 

not  solid,  magma.     It  appeared  after  the  first  eruptions  of  the 

mountain  in  1902,  and  rose  to  a  height  of  about  800  feet  above 

the  platform  of  rocks  forming  the  summit  of  the  mountain.     Its 

shape  was  that  of  a  broad  wedge  tapering  upward,  and  is  shown 

in  profile  in  Fig.  3  from  a  photograph  by  Dr.   E.  O.  Hovey, 

taken  in    March,   1903,  from  the   southern  rim  of   the  crater 

at  a  distance  of  about  600  meters.     The  side  toward  the  crater 

was  a  nearly  vertical  cliff;   the  outer  side  had  a  smooth,  steep 

*  Fouqu^,  F.     Santorin  et  sea  Eruptions,  Paris,  1879,  p.  71. 

'  Hague,  A.,  and  Iddings,  J.  P.     Am.  Jour.  Sci.  vol.  32,  1886,  p.  29. 

Russell,  I.  C.     Volcanoes  of  North  America,  New  York,  1897,  p.  147. 
'  Hague,  A.    Monograph,  20,  U.  S.  Geological  Survey,  1892,  p.  243. 


MODES  OF  OCCURRENCE  OF  IGNEOUS  ROCKS 


11 


PRODUCTS    OF    EXPLOSION  303 

slope,  as  though  planed  oflf  by  slipping  along  the  wall  of  the 
conduit.  Explosions  at  the  base  of  the  vertical  cliff  grad- 
ually shattered  the  mass,  which  was  reduced  to  a  pile  of  loose 
blocks.  Probably  the  highly  viscous,  vesicular,  or  pumiceous 
lava  in  the  top  of  the  conduit  was  forced  out  by  the  rise  of 
magma  beneath,  and  was  sufficiently  coherent  in  one  portion  to 
retain  its  form  until  broken  to  pieces  by  repeated  explosions 
within  the  less  viscous  magma  beneath.* 

Products  of  Explosion  (Tuff  and  Breccia).  —  Products  of  vol- 
canic explosion  in  some  instances  form  a  very  considerable 
part,  possibly  the  whole,  of  the  material  erupted  from  certain 
centers  of  volcanic  action.  They  are  chiefly  produced  by  the 
sudden  expansion  of  gases  inclosed  in  the  molten  magma,  by 
far  the  greater  part  of  which  is  derived  from  water.  The  mate- 
rial is  of  two  kinds:  (a)  that  formed  from  molten  lava  and 
(h)  that  produced  by  the  fracturing  of  inclosing  solid  rocks. 

(a)  Explosion  op  Molten  Lava,  Dust,  Lapilli,  Bombs.  — 
The  explosion  of  gas  within  molten  lava  may  drive  it  apart 
in  minute  shreds  of  glass  and  fragments  of  crystals  when  any 
were  present  in  the  lava  before  the  explosion.  The  glass  par- 
ticles have  the  shape  of  pieces  of  broken  pumice,  and  show  that 
they  are  simply  the  result  of  pumiceous  inflation  which  was  so 
sudden  and  violent  that  the  walls  of  the  vesicles  were  ruptured 
and  thrown  into  the  air.  The  minuteness  of  the  particles  and 
the  force  of  their  expulsion  may  be  so  great  that  they  may  be 
driven  as  almost  impalpable  dust  thousands  of  feet  into  the  air, 
to  be  blown  long  distances  by  winds  and  deposited  hundreds  of 
miles  away  from  their  source.  The  most  extreme  case  on  record 
is  that  of  the  dust  from  Krakatoa,^  which  was  thrown  seventeen 
miles  high  and  drifted  completely  around  the  earth,  affecting 
the  atmosphere  so  as  to  produce  the  unusual  sunsets  observed 
for  months  after  the  eruption. 

As  the  size  of  material  increases  it  consists  of  small  pieces  of 
lava,  pumiceous,  or  vesicular,  and  scoriaceous,  called  lapilli. 

1  Hovey,  E.  O.     Am.  Jour.  Sci.,  vol.  16,  1903,  p.  269. 
Lacroix,    A.      La  Montagne    Pel^  et  ses  Eruptions.      Acad^mie  des 
Sciences,  Paris,  1904. 

Heilprin,  A.     The  Eruption  of  Pel^,  Philadelphia,  1908. 
*  Geikie,  A.     Text  Book  of  Geology,  3d  ed.,  p.  212,  also  The  Eruption  of 
Krakatoa,  a  report  of  the  Royal  Society,  1888. 
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These  range  in  size  up  to  that  of  walnuts.  Beyond  this,  larger, 
lumps  and  masses  of  molten  lava  thrown  out  from  craters-  are. 
called  BOMBS.  They  are  irregularly  ovoid  and  rounded,  and 
quite  rough  or  smooth  externally  according  to  the  condition 
of  the  lava  from  which  they  were  made.  Usually  they  have  a 
rather  compact  crust  or  shell,  and  a  more  or  less  vesicular  or 
pumiceous  center.  The  compact  glassy  shell  probably  results 
from  the  escape  of  the  gas  bubbles  from  the  surface  of  the 


Fia.  4.     Bread-Crust  Bomb,  Mont  Pblbe,  1902.  (Hovey,  American  Museum 
ot  Natural  History,) 

bomb  previous  to  the  chilling  of  it  during  its  flight  through  the 
air.  One  of  the  most  remarkable  forms  of  bombs  was  thrown 
from  Vulcano,  one  of  the  Lipari  volcanoes,  in  1890,  It  is  a 
gray  glass  of  magma  rich  in  silica,  the  outer  shell  consisting  of 
compact  glass,  the  interior  being  finely  pumiceous.  The  shell 
has  been  cracked  open  by  numerous  gaping  cracks,  which  have 
been  spread  by  the  contraction  of  the  outer  part  and  the  expan- 
sion of  the  interior' as  sometimes  happens  in  a  loaf  of  bread. 
The  name  of  bread-crust  bombs  has  been  given  to  them  for  this 
reason.  They  vary  in  size  from  a  few  inches  to  thirteen  feet  in 
diameter.  They  are  very  brittle  and  crack  in  pieces  if  dropped 
any  distance.  Originally  they  fell  at  least  a  thousand  feet 
without  breaking.     They  were  at  that  time  viscous  and  heated, 
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in  some  cases,  to  the  temperature  of  melted  silver.  And  it  is 
probable  that  the  compact  glassy  shell  was  suflSciently  rigid  to 
crack  when  the  bomb  struck  the  ground,  after  which  the  central 
portion  expanded  before  solidifying,  and  yet  the  mass  was  n6t 
plastic  enough  to  flatten  when  it  struck.  Similar  bombs  were 
thrown  from  Santorin  in  1866  and  from  Mont  Pel^e  ^  in  1902,  one 
of  the  latter  being  shown  in  Fig.  4. 

In  some  cases  bombs  consist  of  an  aggregation  of  crystals,  as 
of  olivine  or  other  minerals,  which  were  present  in  the  molten 
magma  as  segregations  forming  a  solid  mass.  At  the  moment 
of  explosion  these  masses  were  thrown  out  with  more  or  less 
adhering  lava.  They  are  specially  common  in  the  Eifel,  Ger- 
many. According  to  J.  D.  Dana  *  and  Johnston-Lavis,'  bomb- 
like lumps  of  lava  may  sometimes  be  formed  by  the  rolling 
movement  in  the  front  and  at  the  bottom  of  a  lava  stream. 
These  are  not  properly  bombs,  but  may  better  be  called  lava- 
balls,  as  suggested  by  Dana. 

(6)  Explosion  of  Solid  Rocks.  —  Explosions  in  the  crater  of 
a  volcano  often  shatter  the  cone  and  scatter  fragments  of  all 
sizes  over  the  surrounding  country.  The  dust  behaves  the 
same  as  that  formed  from  exploded  lava,  and  may  be  as  fine 
and  be  carried  as  far.  Indeed,  it  is  probable  that  much  of 
the  dust  from  volcanic  explosions  has  originated  in  this  way. 
The  larger  fragments  are  plainly  seen  to  be  angular  pieces  of 
rock  whose  petrographical  character  corresponds  to  whatever 
formed  the  cone  of  the  volcano;  compact  crystalline  rock  or 
glassy  kinds;  and  sometimes  vesicular  and  pumiceous  varieties. 
Fragments  of  all  sizes  are  hurled  into  the  air  at  once,  the 
heavier  masses  falling  first  as  a  general  rule,  so  that  the  layer 
formed  by  a  particular  explosion  would  have  more  of  the  larger 
pieces  at  the  bottom.  Such  a  crude  assortment  is  sometimes 
observed  in  layers  of  breccia. 

Large  masses  may  be  hurled  long  distances.     A  block  weigh- 

^  Lacroix,  A.  La  Montagne  Pel^e  et  ses  Eruption.  Acad^mie  des  Sciences, 
Paris,  1904,  pp.  522-526. 

Hovey,  E.  O.    Bulletin  Amer.  Mus.  Nat.  Hist.,  vol.  16, 1902,  p.  333,  and 
Am.  Jour.  Sci.,  vol.  14,  1902,  p.  319. 

'  Dana,  J.  D.  Characteristics  of  Volcanoes,  New  York,  1890,  pp.  10  and 
245. 

'  Johnston-Lavis,  H.  J.  Proc.  Geol.  Assoc,  London,  vol.  9,  No.  6,  also 
Am.  Jour.  Sci.,  1888,  vol.  36,  p.  103. 
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ing  200  tons  is  said  to  have  been  thrown  nine  miles  by  CotopaxiJ 
In  general  the  larger  masses  fall  nearer  the  center  of  eruption, 
the  most  distant  deposits  consisting  of  the  smallest  particles. 
The  accumulations  of  fine  particles  are  called  tuff.  Those  com- 
posed of  fragments  and  blocks  of  all  sizes  are  breccia,  also  called 
TUFF-BRECCIA  and  SUBAERIAL  BRECCIA,  in  distinction  from  flow- 
breccia  produced  by  a  lava  flow  crowded  with  rock  fragments,  and 
from  a  crushed  breccia  produced  by  the  fracturing  of  a  compact 
rock  by  pressure  and  displacement  due  to  mountain-making 
processes.  All  of  these  breccias  may  resemble  one  another  very 
closely  when  the  rocks  composing  them  are  similar.  It  then 
requires  a  careful  search  into  their  mode  of  occurrence  or 
character  as  geological  bodies  to  distinguish  between  them. 

Subaerial  or  tuff-breccias  may  be  distinctly  bedded  in  layers 
corresponding  to  periods  of  great  explosive  activity,  and  may 
cover  vast  tracts  of  country  hundreds  and  thousands  of  square 
miles  in  area,  and  form  deposits  thousands  of  feet  thick.  Such 
are  the  great  breccia  formations  of  the  Gallatin  and  Absaroka 
ranges  in  Montana  and  Wyoming,^  those  of  the  San  Juan 
Mountains  of  Colorado,'  the  Cascade  range  of  the  Pacific 
coast  of  North  America,^  and  the  Andes.*  The  thickness  of 
the  breccias  in  some  of  these  regions  is  4000  feet  and  more. 
The  layers  may  vary  from  a  fraction  of  a  foot  to  three  or  four 
feet  in  thickness,  and  frequently  lie  almost  horizontally,  or 
with  a  dip  of  only  5  degrees.  This  is  true  for  breccias  at  con- 
siderable distances  from  a  center  of  eruption.  Near  the  center 
they  dip  at  higher  angles,  increasing  to  15,  20,  or  30  degrees, 
where  they  form  the  slopes  of  a  steep  cone,  as  at  Monte 
Somma,  Vesuvius.  Differences  in  the  angle  of  slope  on  the 
surface  of  a  cinder  cone  of  dust  and  lapilli  are  well  shown  in 
the  profile  of  such  volcanoes  as  Puji-yama,  Japan,  and  May  on 
in  the  Philippines,  Fig.  5. 

In  the  immediate  vicinity  of  the  center  of  great  explosive 

>  D.  Forbes.     Geol.  Mag.,  vol.  7,  p.  320. 

'  Monograph  32,  U.  S.  Geological  Survey,  1899,  Ft.  2,  p.  215  and 
p.  269.     Also  Geologic  Atlas  of  the  United  States,  Livingston  Folio,  No.  1. 

'  Cross,  W.     Ibid.y  Telluride  Folio,  No.  57,  and  Silverton  Folio,  No.  120. 

*  Hague,  A.,  and  Iddings,  J.  P.    Am.  Jour.  Sci.,  vol.  26,  1883,  pp.  222-235. 

'  Reiss,  W.,  and  Stiibel,  A.  Reisen  in  Siid-Amerika,  Berlin,  1892,  and  Jour. 
Geol.,  vol.  1,  1893,  pp.  164-175. 
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action  the  breccias  are  not  bedded,  but  are  piled  up  in  chaotic 
agglomeration.  Such  tumultuous  aggregations  of  fragmental 
material  are  also  found  sometimes  filling  the  necks  of  craters 
or  of  conduits  through  which  eruptions  have  taken  place. 
They  are  called  volcanic  agglomerates.  Instances  of  necks  of 
volcanic  agglomerates  occurring  within  sedimentary  rocks  have 


Fia.  5.    Matom  Volcano,  Luzon,  Phiuppinbs.      {Gannett,  U,  S.  Geological 

Survey.) 

been  described  by  Geikie  along  the  north  of  the  Firth  of  Forth/ 
Large  areas  of  agglomerate  within  volcanic  breccia  occur  in  the 
Absaroka  range,  Wyoming. 

When  the  fragments  have  become  more  or  less  rounded 
through  water  action  they  form  volcanic  conglomerate,  which 
is  often  intercalated  in  beds  with  subaerial  breccia.  They  indi- 
cate the  presence  of  water  about  the  flanks  of  the  volcanoes. 
They  have  been  described  as  of  extensive  occurrence  in  western 

'  Geikie,  A.    Trans.  Roy.  Soc.  Edinburgh,  vol.  29,  1879,  pp.  437-518. 
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America^  but  it  is  probable  that  they  actually  form  a  small 
portion  of  the  vast  accumulations  of  volcanic  breccia. 

The  material  composing  volcanic  breccia  may  be  quite 
uniform  in  petrographical  character,  or  quite  diverse,  depend- 
ing on  the  make-up  of  the  masses  which  were  blown  to  pieces. 
It  may  contain  fragments  of  rocks  not  in  themselves  volcanic, 
such  as  sedimentary  and  metamorphic  rocks.  This  is  espe- 
cially true  of  the  products  of  the  earliest  eruptions  at  any 
center.  Volcanic  activity  may  commence  in  a  new  locality 
by  the  explosion  of  the  crust  of  the  earth,  which  may  be  lime- 
stone or  sandstone,  granite  or  schist.  So  that  the  first  pro- 
jectiles may  be  non-volcanic  rocks.  If  the  action  stop  after  the 
first  explosion  there  may  result  a  crater  within  non-volcanic 
rocks  as  in  the  Eifel  and  elsewhere.  Where  volcanic  action 
continues,  true  volcanic  breccias  become  piled  upon  the  first 
accumulation  of  non-volcanic  material.  Thus  at  one  locality 
in  the  vicinity  of  Haystack  Mountain,  Montana,  the  lowest 
layer  of  andesitic  breccia  contains  so  much  gneiss  that  the 
bottom  of  the  deposit  is  almost  wholly  made  up  of  angular 
fragments  of  gneiss,  which  rest  upon  the  ancient  surface  of  the 
country. 

Mud  Flows.  —  Dust  and  lapilli  may  become  mixed  with 
water  and  flow  down  the  slope  of  a  volcano  in  a  stream  resem- 
bling one  of  lava  in  its  general  form,  but  differing  from  it  in 
petrographical  character  and  in  details  recognizable  with  a 
microscope,  when  the  fragmental  character  of  the  mud  flow 
may  be  detected.  They  resemble  tufifs  deposited  from  showers 
except  that  the  latter  are  often  bedded.  A  distinction  between 
the  two  may  not  always  be  made. 

There  are  other  flows  of  mud  connected  with  mud-volcanoes  where  the 
material  is  not  volcanic  but  usually  of  sedimentary  origin.  They  are  of  small 
extent  and  of  slight  geological  importance.  Examples  of  these  occur  in  the 
neighborhood  of  Baku  on  the  Caspian  Sea,  and  in  the  Crimea.  Other  instances 
are  the  small  eruptions  of  mud  and  sand  accompanying  the  earthquake  at 
Charleston,  S.C,  in  1886.' 

»  Button,  C.  E.     Ninth  Ann.  Rep.  U.  S.  Geological  Survey,  1889,  p.  284. 
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INTRUSIVB  BODIES 

The  intrusion  of  molten  lava  between  solid  rocks  is  along 
planes  of  weakness  where  the  rocks  part  more  readily  when 
subjected  to  stresses  of  various  kinds.  Planes  of  weakness 
may  occur  in  any  position,  being  controlled  partly  by  the 
nature  and  structure  of  the  rock  traversed,  partly  by  the 
direction  of  the  stress.^  The  form  or  shape  of  the  body  of 
lava  after  it  has  been  solidified  depends  mainly  on  the  nature 
of  the  crack  or  fissure  penetrated  by  it  and  also  on  the 
character  of  the  intrusion,  whether  gradual  or  sudden  and 
whether  accompanied  by  explosions.  Various  forms  of  intru- 
sive bodies  have  been  named  according  to  their  shape  or 
position  and  relation  to  surrounding  rocks.^ 

Dikes  and  Veins  (Gangen,  filons).  —  When  the  fissure  or 
crack  is  vertical  or  nearly  so,  the  intruded  body  is  a  dike  or 
VEIN.  Its  sides  or  walls  are  nearly  parallel  to  one  another,  and 
its  thickness  is  small  compared  with  its  dimensions  in  the 
plane  of  the  fissure.  The  size  of  dikes  varies  greatly.  They 
range  from  less  than  a  foot  in  thickness,  when  they  are  more 
usually  called  veins,  to  many  feet  in  thickness;  and  their  length 
may  be  reckoned  in  feet  or  in  miles.  Certain  dikes  in  Great 
Britain  have  been  traced  for  60  and  even  90  miles.  They  are 
found  traversing  all  kinds  of  rocks,  including  crystalline 
schists,  sedimentary  formations,  and  igneous  terranes,  both 
massive  and  fragmental.  They  may  lie  in  groups  with  parallel 
trends,  or  they  may  intersect  one  another  at  all  angles.  In 
the.  vicinity  of  volcanic  centers,  especially  in  the  body  of  a 
volcano,  they  have  a  general  radial  arrangement,  diverging 
outward  from  the  center  of  eruptive  activity.  This  has  been 
shown  to  be  the  case  at  Etna,?  and  in  numerous  localities  in 
Montana^  and  Wyoming.* 

Dikes   may  branch   or  fork  into   several  parts   more   or  less 

»  See  the  discussion  of  this  subject  by  C.  R.  Van  Hise  in  Sixteenth  Ann. 
Rep.  U.  S.  Geological  Survey,  1895,  pp.  571-844. 

*  For  a  discussion  of  the  classification  of  bodies  of  intrusive  rock  see 
Daly,  R.  A.,  Jour.  Geol.,  vol.  13,  1905,  pp.  485-508. 

*  von  Walterehausen,  S.,  and  von  Lasaulx.     Der  iEtna,  Leipzig,  1880. 

*  Pirsson,  L.  V.  Am.  Jour.  Sci.,  vol.  50, 1895,  p.  120.  See  also  Geological 
Atlas  of  the  United  States,  Folio  1,  Livingston  Quadrangle. 

»  Monograph  32,  part  2,  U.  S.  Geological  Survey,  1899,  p.  224  et  seq. 
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parallel  to  one  another,  or  they  may  send  off  arms  at  any  angle. 
Offshoots  from  larger  bodies  of  intrusive  rock  are  called  apophy- 
ses. Dikes  may  wedge  out  gradually  or  rapidly,  or  end  abruptly. 
Veins  of  smaller  dimensions  may  grade  into  those  with  almost 
microscopic  thinness,  Fig.  6,  When  they  traverse  a  body  of 
intrusive  rock  and  are  comparatively  coarse-grained,  so  that 
they  appear  to  have  penetrated  it  soon  after  consolidation  and 
while  it  was  still  highly  heated,  they  are  called  contemporaneous 


Pig.  6.  Dike,  Veins,  and  Apophtses.    (Baatin,  U.  S.  Geological  Survey.) 

VEINS,  as  already  described.  Dikes  may  reach  the  earth's  sur- 
face and  be  connected  with  extrusive  bodies  of  lava,  or  they 
may  stop  short  of  the  surface.  They  may  exist  at  different 
depths  beneath  the  surface,  in  some  cases  being  very  deep- 
seated.  When  two  dikes  intersect,  the  body  of  the  younger 
traverses  the  older;  the  relative  period  of  intruaon  of  the  two 
magmas  being  in  this  way  established. 

The  character  of  the  rock  constituting  dikes  may  be  anything 
from  that  of  a  surface  lava  to  that  of  a  coarsely  crystallized 
massive  rock.     It  may  be  vesicular  or  porous  when  occurring 
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near  the  earth's  surface,  the  vesicles  usually  being  flattened 
parallel  to  the  walls  of  the  dike;  or  it  may  be  compact  and 
aphanitic  or  glassy.  Often  the  margins  or  surfaces  of  the  dike 
rock  are  finer  grained  than  the  central  portion,  or  they  may  be 
glassy.  All  degrees  of  crystallization,  from  the  smallest  to  the 
largest,  may  be  found  in  dikes  of  like  thickness.  The  color, 
texture,  and  composition  sometimes  vary  from  the  center  to 
the  sides  of  the  dike,  owing  to  different  rates  of  cooling,  of 
crystallization,  or  to  a  molecular  differentiation  of  the  molten 
magma  after  its  intrusion.  Naturally,  igneous  rocks  of  all  kinds 
of  chemical  composition  may  occur  in  dikes.  Dike  rocks  when 
fine-grained  to  glassy  are  often  cracked  into  plates  parallel  to 
the  walls,  or  into  prisms  that  stand  perpendicular  to  the  walls, 
and  lie  nearly  horizontal.  In  thick  dikes  the  direction  of  the 
cracks  is  not  always  so  definite.  In  glassy  dike  rocks  a  spheroidal 
parting  is  sometimes  developed.  Coarse-grained  dike  rocks  are 
oftener  free  from  regular  jointing  of  any  particular  kind,  being 
massive  and  compact. 

Sandstone  Dikes  and  Veins. — There  are  dikes  and  veins  of  sand  rock  that 
resemble  in  general  appeamnoe  dikes  and  veins  of  igneous  rocks.  They  are 
intrusive  or  eruptive  rocks  in  the  sense  that  they  have  been  forced  into  crevices 
or  fissures  within  solid  rocks.  Microscopic  examination  proves  that  they 
consist  of  sand  particles,  and  that  they  are  clastic  rocks,  which  while  plastic 
and  not  yet  indurated  have  been  intruded  as  quick  sands  into  fissures.  Their 
true  character  often  is  only  detected  with  a  microscope.  They  have  been 
found  in  California^  and  in  Nebraska.'  Veins  of  sandstone,  some  of  very 
great  size,  occur  traversing  granite  in  Colorado.^ 

Stocks,  Necks,  Cores  (Stocke).  —  More  or  less  vertical  pipes, 
through  which  molten  magma  has  been  forced,  when  filled  with 
solidified  lava  become  stocks,  necks,  or  cores.  Their  shape  is 
seldom  regular,  and  depends  upon  the  circumstances  of  their 
formation.  They  may  be  produced  by  the  explosion  of  gases, 
analogous  to  the  small  holes  made  in  stone  by  high  explosives 
in  the  experiments  of  Daubr^e.*  In  this  case  their  section  may 
be  crudely  circular,  and  they  may  be  filled  with  fragments  of  the 

»  Diller,  J.  S.     Geol.  Soc.  Am.  Bulletin,  vol.  1,  1890,  pp.  411-442. 

»  Hay,  R.     Ibid.,  vol.  3,  1892,  pp.  50-55. 

»  Cross,  W.  Ibid.,  vol.  5,  1894,  pp.  225-230;  also  Crosby,  W.  O.,  Bulletin 
Essex  Inst.,  vol.  27,  1895,  pp.  113-147. 

*  Daubr6e,  A.  Comptes  Rendus,  1890,  vols.  Ill,  112,  113;  and  Bulletia 
Soc.  G^l.  France,  vol.  19,  1891,  p.  313. 
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surrounding  wall  rocks  together  with  igneous  material  as  in  the 
case  of  the  volcanic  necks  near  Edinburgh.*  Or  they  may 
have  been  filled  with  molten  magma  following  the  explosion. 
Such  necks  may  traverse  solid  rocks  without  apparent  connec- 
tion with  Assuring.  More  often  they  are  situated  along  the 
plane  of  a  fissure,  and  occur  where  explosions,  or  repeated  frac- 
turing, have  permitted  the  wall  rock  to  be  carried  away  by  the 
currents  of  magma,  thus  widening  the  fissure  at  this  place. 
They  may  occur  at  the  intersection  of  successive  fissurings, 
as  at  Electric  Peak,  Yellowstone  Park,*  and  become  the  conduit 
for  a  prolonged  series  of  eruptions.  In  such  cases  their  shape 
is  quite  irregular,  more  or  less  lenticular  in  cross  section,  and 
split  in  branches  which  run  into  apophyses  and  dikes.  They 
may  be  more  nearly  round  when  in  the  center  of  a  volcanic 
cone,  but  branch  out  in  all  directions,  passing  into  dikes  that 
have  from  time  to  time  broken  away  from  the  central  conduit. 
When  they  penetrate  sedimentary  strata  .their  form  may  be 
still  farther  complicated  by  the  branching  out  of  both  dikes  and 
horizontal  sheets,  as  in  the  Crazy  Mountains,  Montana.'  Their 
diameter  may  be  several  hundred  feet  or  several  miles.  That 
in  the  Crazy  Mountains  is  six  miles  in  one  direction  by  three  in 
another. 

The  igneous  rock  constituting  a  stock  may  be  all  of  one  kind 
and  belong  to  one  mass  of  molten  magma  which  was  intruded 
at  one  time,  or  it  may  be  composed  of  different  kinds  which 
represent  different  magmas  that  were  intruded  in  a  succession  of 
eruptions,  as  in  the  great  core  in  the  Crazy  Mountains,  Montana, 
and  in  that  on  Crandall  Creek,  northeast  of  the  Yellowstone  Park,* 

These  traverse  one  another  as  irregularly  shaped  bodies  or 
as  dikes  or  veins.  Sometimes  the  mass  forming  one  body  of 
intruded  magma  may  vary  in  composition  and  texture  in  differ- 
ent parts  of  the  body,  the  changes  in  composition  being  due  to 
chemical  differentiation  in  the  magma  before  its  intrusion,  as 
at   Yogo   Peak,   Little   Belt   Mountains,   Montana.'     The  rock 

*  Geikie,  A.     Trans.  Roy.  Soc,  Edinburgh,  vol.  29,  1879,  pp.  437-518. 

*  Monograph  32,  U.  S.  Geological  Survey,  1899,  Ft.  2,  p.  89  et  »eg.,  and 
Twelfth  Ann.  Rep.  U.  S.  Geological  Survey,  1892,  pp.  569-664. 

*  Geological  Atlas,  Folio  1,  Livingston  Quadrangle,  U.  S.  Geological  Survey. 

*  Monograph  32,  ibid.,  p.  246. 

'  Weed,  W.  H.,  and  Pirason,  L.  V.     Am.  Jour.  Sci.,  vol.  60,  pp.  467-479, 
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forming  stocks  may  be  very  coarse  grain  or  of  any  inter- 
mediate texture  to  extremely  fine-grained.  They  are  more 
commonly  coarse-grained.  The  more  crystallized  stock  rocks 
seldom  exhibit  definite  parting  or  cracking  such  as  columnar 
or  platy  parting.  Their  joints  are  such  as  arise  from  dynamical 
stresses  accompanying  pressure.  In  stock-like  intrusions,  how- 
ever, which  have  solidified  near  the  earth's  surface,  and  whose 
petrographical  characters  are  nearly  those  of  extrusive  rocks, 
columnar  or  platy  parting  may  be  developed. 

Intrusive  Sheets,  Sills  (Intrusive  Lager,  Lagergange,  in  part). — 
When  the  planes  of  weakness  within  the  rocks  invaded  by 
molten  magmas  occur  along  bedding  planes  of  sedimentary 
strata  or  of  igneous  rocks,  the  magma  is  intruded  in  sheets 
between  the  beds,  raising  the  superincumbent  strata  to  a  vari- 
able extent,  producing  thin  or  thick  sheets  of  intrusive  rock. 
The  fracture  may  cross  the  strata  to  another  horizon  along 
which  it  may  continue  for  some  distance.  Thus  the  sheet  of 
igneous  rock  may  break  across  the  beds  of  sedimentary  rock  as  a 
dike  and  continue  as  a  sheet  at  some  other  horizon.  Usually 
the  transgression  is  from  a  lower  to  a  higher  horizon,  and  with 
the  advance  of  the  sheet  from  its  source  there  is  generally  a 
thinning  out.  From  these  characters  the  course  of  the  lava 
during  its  eruption  may  be  determined.  Intrusive  sheets  may 
be  less  than  a  foot  thick  or  several  hundred  feet  thick.  They 
sometimes  extend  many  miles.  The  celebrated  Whin  Sill  of 
the  north  of  England  has  been  traced  for  60  or  70  miles,^  its 
thickness  ranging  from  20  to  150  feet.  The  great  intrusive  sheet 
of  doleritic  rock  that  forms  the  Palisades  on  the  Hudson  River 
opposite  New  York  City  is  hundreds  of  feet  thick,  and  has 
been  traced  for  about  100  miles  in  a  north  and  south  direction.* 
Intrusive  sheets  occasionally  send  offshoots  into  the  overlying 
rocks  and  into  those  beneath  them. 

The  rocks  composing  intrusive  sheets  are  compact  and  generally 
very  fine-grained  or  aphanitic.  They  seldom  exhibit  columnar 
or  platy  parting,  but  are  usually  massive,  without  regular  systems 
of  cracks.     They  are  sometimes  darker  colored  and  denser  along 

»  Teall,  J.  J.  H.  British  Petrography,  London,  1884,  p.  207;  and  Quar. 
Jour.  Geol.  Soc.  London,  1877,  vol.  33,  p.  406. 

'  Lewis,  J.  V.  Am.  Jour.  Sci.,  vol.  26,  1908,  pp.  155-162;  and  Ann.  Rep. 
Geological  Survey  New  Jersey,  1907,  pp.  97-167. 
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the  upper  and  lower  surfaces  near  the  contact  with  the  inclosing 
strata,  but  seldom  vary  much  in  grain  across  the  sheet.  An 
arrangement  of  the  minerals  parallel  to  the  surface  of  the  sheet 
is  occasionally  observed.  Very  rarely  there  may  be  a  differen- 
tiation of  the  magma  after  its  intrusion,  as  in  the  rock  of  the 
Palisades,  New  Jersey. 

Laccoliths.'  —  When  the  lifting  of  the  strata  overlying  an 
intruded  sheet  of  magma  becomes  so  localized  as  to  raise  them 
in  a  dome,  or  arch,  above  the  igneous  rock,  the  mass  solidifies  as 
a  tAccoLTTH,  the  bottom  surface  being  nearly  horizontal,  Fig.  7. 


Pio.  7.    Ideal  Cross  Section  op  a  Laccolith  wttr  Accoupaivtino 
Sheets  and  Dikes.   (Gilbert.) 

A  laccolith  differs  from  an  intrusive  sheet  in  having  superincum- 
bent strata  arch  over  it,  instead  of  lying  nearly  horizontal,  or  at 
least  being  parallel  to  the  underlying  strata.  Laccoliths  are  not 
so  extensive  laterally  as  sheets,  and  are  generally  much  thicker. 
The  arching  of  the  overlying  strata  is  sometimes  accompanied  by 
faulting  and  dislocation,  which,  if  it  should  extend  all  around 
the  area,  would  permit  the  upper  block  of  strata  to  be  forced 
upward,  giving  rise  to  a  plug  of  igneous  rock  or  bysmalith.  The 
two  forms  of  intrusion  grade  into  one  another,  the  bysmalith 
being  the  extreme  in  vertical  dimension;  a  sheet  or  sill,  which 
also  grades  into  a  laccolith,  being  the  extreme  in  lateral  dimen- 
sion. The  thickness  of  laccoliths  ranges  from  less  than  a  hundred 
feet  to  several  thousand  feet;  and  their  diameters  range  from  a 
few  hundred  yards  to  several  miles.     The  rock  composing  a  lac- 

'  For  degcriptions  of  laccoliths  see  Gilbert.  G.  K,,  U.  S,  Geogr.  and  Geol. 
Survey  of  the  Rocky  Mountain  Region,  Washington,  1877;  also  Ctobb,  W., 
Fourteenth  Ann.  Rep.  U.  S.  Geological  Survey,  1893,  pp.  165-241. 
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eolith  usually  represents  one  body  of  magma  intruded  at  one 
time.  It  may  be  homogeneous  in  composition  and  texture,  with 
slight  variations  at  the  margin,  becoming  denser,  darker  and 
finer-grained  at  the  surface  of  the  mass.  Such  laccoliths  are 
generally  very  fine-grained,  as  in  the  Henry  Mountains,  Utah, 
and  in  Colorado.  Others  vary  in  composition  to  a  marked  degree 
and  are  comparatively  coarse-grained.  The  marginal  portion 
may  be  dark  and  low  in  silica,  or  rich  in  ferromagnesian  minerals. 
The  variations  are  the  result  of  differentiation  in  sitUy  as  at  Square 
Butte,  Highwood  Mountains,  Montana.^  Columnar  structure 
or  rude  prismatic  parting  is  sometimes  developed,  the  columns 
standing  vertically.  Upon  the  removal  of  the  marginal  portion 
of  a  columnar  laccolith,  the  central  part  remains  standing,  often 
rising  like  a  columnar  monument  above  the  surrounding  country. 
Platy  parting  parallel  to  the  upper  surface  of  the  laccolith  may 
also  be  developed,  as  at  Square  Butte.  In  many  cases  the  lacco- 
lith rock  possesses  no  definite  system  of  cracks,  but  separates 
into  irregular  slabs  and  fragments,  as  in  the  Indian  Creek  lacco- 
lith in  the  Yellowstone  Park. 

5.  Bysmaliths.^  (Volcanic  plugs.)  —  Intrusions  of  magma  that 
have  been  forced  nearly  vertically  through  other  rocks,  and  may 
or  may  not  have  reached  the  earth's  surface,  solidify  in  the  form 
of  plugs.  In  case  the  lava  has  reached  the  surface  of  the  earth, 
they  do  not  differ  from  volcanic  necks.  As  already  remarked, 
they  are  like  laccoliths  exaggerated  in  the  vertical  dimension  and 
accompanied  by  nearly  vertical  faulting  of  the  containing  rocks. 
The  intrusion  took  place  as  oneact,  and  the  superincumbent  rocks 
were  lifted  at  one  time.  This  constitutes  a  distinction  between 
bysmaliths  and  stocks,  the  latter  frequently  representing  the 
filling  of  a  channel  through  which  successive  eruptions  of  magma 
have  taken  place,  as  through  the  conduit  of  a  volcano.  An 
example  of  bysmalith  is  found  in  the  intrusive  mass  at  the  south- 
ern end  of  the  Gallatin  Mountains,  Yellowstone  National  Park, 
which  embraces  Mount  Holmes,'  and  is  shown  in  section  in  Fig.  8: 

6.  Batholiths.  —  There  are  bodies  of  intrusive  rocks  that  are 
quite  irregular  in  shape  and  traverse  other  rocks  without  definite 

'  Weed,  W.  H.,  and  Pirsson,  L.  V.  Bulletin  Geol.  Soc.  Am.,  vol.  6, 
pp.  389-422. 

»  Iddings,  J.  P.     Bysmaliths,  Jour.  Geol.,  vol.  6,  1898,  pp.  704-710. 
■  Monograph.  32,  U.  S.  Geological  Survey,  1899,  p.  16. 
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relation  to  their  position  or  Btnicture.  They  are  nearer  atocks  in 
their  mode  of  ocetirrence  than  other  forms  of  intrusive  bodies. 
To  them  the  term  batholith  has  been  applied  by  some  American 
geologists,  although  the  word  was  originally  employed  in  a  differ- 
ent sense  by  Suess.  Their  structure  and  petrographieal  charac- 
ters are  not  different  from  those  met  with  in  stocks. 


Fio.  8.    Ideal  Sbction  of  Holubs  Btswauth. 


7.  Contact  Phekomena.  —  Many  intrusive  bodies  have 
affected  the  rocks  immediately  in  contact  with  them,  changing 
their  color,  or  texture,  and  crystallization,  and  causing  special 
kinds  of  minerals  to  be  developed  in  them.  This  contact  meta- 
morphism  is  very  slight  in  the  case  of  most  intrusive  sheets  and 
laccoliths,  and  of  many  dikes.  It  is  strongly  marked  around 
stocks  that  have  served  as  the  conduits  through  which  volcanic 
eruptions  have  taken  place,  and  in  places  where  dikes  are  numer- 
ous and  close  together.  It  is  most  developed  alongside  of  large 
bodies  of  coarse-grained  rocks.  It  is  the  surest  means  by  which 
the  relative  age  of  adjacent  rocks  may  be  determined. 

All  intrusive  bodies  may  send  out  larger  or  smaller  offshoots 
into  the  inclosing  rocks,  which  is  one  of  the  means  by  which  they 
may  be  distinguished  from  extrusive  bodies.  They  are  not  accom- 
panied by  tuff  or  other  fragmentat  material,  except  in  the  case  of 
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agglomerates  filling  necks,  and  such  breccias  as  may  be  formed 
by  the  fracturing  of  inclosing  rocks,  or  of  earlier  intrusions,  and 
the  permeation  of  this  breccia  by  later  molten  magma.  Massive 
intrusive  rocks  may  be  converted  into  crushed  breccias  by  great 
pressure  as  already  mentioned. 

Intrusive  rocks  are  not  scoriaceous,  and  are  only  vesicular 
when  occurring  in  dikes  near  the  earth's  surface.  In  most  cases 
intrusive  rocks  are  compact  and  massive  as  though  consolidated 
under  great  pressure. 

STRUCTURE  OF  IGNEOUS  ROCKS 

The  term  structure  is  here  applied  to  those  large  features  of 
rock  bodies  which  have  been  produced  by  cracking,  by  fracturing 
and  aggregation,  or  which  may  be  brought  about  by  erosion. 
It  is  commonly  used  by  many  petrographers  for  what  has  already 
been  described  as  texture  and  fabric. 

Most  rock  structures  result  from  special  kinds  of  cracking,  or 
jointing,  in  the  body  of  the  rock,  and  are  of  two  classes:  those 
due  to  shrinking,  or  contraction,  within  the  mass,  and  those 
caused  by  shearing  from  pressures  acting  upon  the  mass  from 
without.  The  latter  properly  belong  to  changes  included  under 
metamorphism,  but  are  so  closely  allied  to  the  first  in  the  naturie 
of  the  forms  produced  that  they  should  at  least  be  mentioned  in 
this  connection. 

Cracking,  or  parting,  of  a  rock,  due  to  contraction  upon  cooling 
after  solidification,  happens  when  the  tensile  stress  exceeds  the 
resistance  due  to  molecular  cohesion  of  the  mineral  constituents. 
That  it  happens  after  solidification  is  shown  by  the  dividing  of 
crystals  lying  in  the  path  of  fracture,  which  are  cut  sharply 
across,  the  severed  parts  remaining  firmly  fixed  in  their  matrix 
whether  this  be  crystallized  rock  or  glass.  The  position  of  the 
plane  of  fracture  is  normal  to  the  direction  of  maximum  stress  at 
any  point.  The  arrangement  and  form  of  fracture  planes  must 
depend  upon  the  distribution  of  stresses  in  the  contracting  mass. 
As  these  vary  with  conditions  of  cooling,  so  must  the  character  of 
the  cracking.  The  resulting  structures  are  of  three  kinds:  sphe- 
roidal, PRISMATIC  or  COLUMNAR,  and  TABULAR  or  platy;  accord- 
ing as  the  contraction  and  resistance  are  nearly  uniform  in  all 
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directions  in  the  rock;  are  greatest  in  various  directions  in  a 
plane;  or  are  greatest  in  one  directioQ  only. 

Spheroidal  Parting  or  Structure.  —  If  within  a  homogeneous 
solid  the  rate  of  cooling  is  so  gradual  that  there  results  a  uniform 
contraction  acting  toward  any  point  within  the  mass,  the  efifect 
would  correspond  to  the  equal  shortening  of  the  radii  of  a  sphere 
of  such  a  body.  If  the  resistance  to  contraction  is  uniform, 
when  cracking  takes  place  the  plane  of  fracture  will  be  normal 


Fig.  9.    Spheroidal  Parting  in  Basalt.    (Gilbert,  U.  S.  Geological  Survoy) 

to  the  radii,  that  is,  spherical.  There  may  result,  then,  concen- 
tric spherical  cracks.  If  any  cause  operates  to  diminish  or 
increase  either  the  tensile  stress  or  the  resistance  in  a  given 
direction  the  resulting  fractures  will  be  no  longer  spheroidal  but 
ellipsoidal.  In  a  rock  mass  such  a  factor  may  be  the  action  of 
gravity  operating  vertically. 

Spheroidal   parting  ia  less  common   than   other   kinds,  but 
occurs   both  in   extrusive  and  in  intrusive   rocks.     The  rock 
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cracks  with  spheroidal  planes,  several  of  which  are  concentric 
about  a  compact  nucleus  of  rock,  producing  shells  one  or  more 
inches  thick,  sometimes  thinner.  The  spheroidal  cracks  are 
irregularly  disposed  through  the  body  of  the  rock,  with  angular 
fragments  between.  Their  shapes  are  seldom  spherical,  but 
oftener  ellipsoidal.  The  diameter  of  the  spheroid  may  be  a  few 
inches,  or  several  feet. 

The  spheroidal  cracks  are  frequently  more  pronounced  in 
weathered  and  decomposed  rocks;  in  which  case  they  may  be 
SometimeB  due  to  the  unequal  expansion  of  the  rock  through  the 
partial  hydration  of  its  outer  portion,  and  also  to  alternate 
changes  of  temperature  when  exposed  to  weathering. 


FiQ.  10.    Perlitic  Structure  in  Rhvolitb. 

Spheroidal  cracking  usually  accompanies  prismatic  structure. 
It  is  found  in  rocks  of  various  compositions  and  textures,  such 
as  basalt,  trachyte,  andesite,  rhyolite,  porphyries,  and  granite. 
It  is  well  developed  in  the  baaalt  near  Cascades,  Oregon,  Fig.  9; 
in  that  of  the  so-called  Cheese-grotto,  near  Bertrich  in  the  Eifel; 
and  in  the  trachytic  pitchstone  on  the  island  of  Ponza.  It  is 
developed  to  some  extent  in  the  large  columns  of  basalt  in 
O'Rourke's  quarry,  Orange  Mountain,  N.  J. 
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Perlitic  structure,  which  occurs  in  glassy  rocks,  is  caused 
by  the  cracking  of  the  glass  into  small  spheroids  with  imbricated 
shells,  like  the  parts  of  an  onion,  Fig.  10.  The  small  spheres  of 
glass  resemble  pearls.  The  structure  is  the  same  as  that  of 
spheroidal  parting,  and  is  due  to  the  same  cause,  the  contraction 
of  the  mass. 

Prismatic  Parting  or  Columnar  Structure.^  —  When  a  homo- 
geneous solid  cools  from  a  plane  surface  at  such  a  rate  that  there 
is  an  appreciable  difference  in  the  temperature  of  successive 


Fig.  11. 

parts  from  the  surface  inward,  and  the  cooling  is  uniform  through- 
out the  surface,  then  the  stresses  due  to  contraction  of  the  mass 
will  be  uniformly  distributed  through  the  surface  layer  of  the 
solid,  and  will  be  greater  than  any  contractional  stresses  acting 
at- an  angle  to  the  surface.  For  the  contraction  in  the  surface 
layer  is  greater  than  that  in  other  directions,  since  the  surface 
is  the  coolest  portion  of  the  rock.  In  like  manner  the  contrac- 
tion will  be  uniformly  distributed,  and  slightly  less  in  successive 
layers  parallel  to  the  surface  layer.  As  contraction  progresses 
the  limit  of  cohesion  for  the  rock  mass  will  be  reached  first  in  the 
surface  layer;  and  as  the  maximum  stress  is  in  this  layer,  parallel 
to  the  surface,  the  rupture  will  be  in  a  plane  normal  to  the  surface 
of  the  rock.  As  the  limit  of  cohesion  is  reached  in  each  suc- 
cessive layer  from  the  surface  inward,  the  crack  will  advance 
inward  normal  to  the  surface. 

The  condition  of  the  solid  may  be  represented  diagraznmatically  by  Fig.  11, 
which  is  evidently  that  of  a  case  of  tangential  shear  in  which  half  the  con- 

*  Scrope,  G.  P.,  Volcanos,  London,  1872.  Mallet,  R.,  Proc.  Roy.  Soc., 
London,  1875.  Bonney,  T.  G.,  Quar.  Jour.  Geol.  Soc,  London,  vol.  32,  p. 
140.    Iddings,  J.  P.,  Am.  Jour.  Sci.,  vol.  31,  1886,  pp.  321-331. 
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the  measure  of  shear  in  the  rock,  wheo  ao  U  the  dis- 


tanoe  from  the  surface  to  the  layer  of  equilibrium  between  tensile  stress  and 
coheeion.  Now  the  limit  of  posdble  shear  is  a  function  of  thsiigidity  of  a 
■olid,  that  is,  there  is  a  maximum  value  for  tan  a,  beyond  which  a  solid  may 
not  be  streased  without  rupture.    This'coefficient  of  rigidity,  n  —  ,  muat 

be  a  physical  characterisUo  of  each  kind  of  rock.  The  angle  a  depends  upon 
the  amount  of  cantnction,  ab,  for  difference  of  tempei&turea,  (  and  f ,  at  tbo 


Fig,  12. 

layer  of  equilibrium  and  at  the  surface  of  the  mass,  and  also  upon  tlie  depth, 
ao,  at  which  the  temperature  is  that  of  equilibrium,  (.  The  more  rapid  the 
cooling,  the  steeper  the  temperature  gradient,  the  shorter  the  distance  between 
the  surface  and  the  kyer  whose  temperature  is  t.  That  is,  the  mole  rapid  the 
cooling,  the  larger  the  angle  a  would  become  if  only  one  fracture  took  place  in 
the  mass.  When,  however,  the  angle  a  reaches  its  maximum,  according  to  the 
rigidity  of  the  rock,  there  can  be  no  more  shearing  of  the  mass  within  the 
limit  of  cohesion,  and  further  contraction  must  occasion  another  rupture  at 
such  distance  from  the  firat  aa  the  rigidity  and  temperature  gradient  of  the 
cooling  rock  demand.  Prom  this  it  follows  that  the  more  rapid  the  cooling 
in  any  given  rock,  the  closer  together  will  be  the  cracks  due  to  shrinkage. 

If  two  sides  of  a  body  of  igneous  rock  cool  at  different  rates, 
as  the  top  and  bottom  of  a  lava  sheet,  the  shrinkage  cracks  will 
be  closer  together  in  the  upper  portion  than  in  the  lower,  as 
shown  in  Fig.  13.  If  the  center  of  a  dike  cools  more  gradually 
than  the  surfaces,  the  shrinkage  cracks  in  the  central  portion 
will  be  farther  apart  than  those  in  the  outer  portions. 

When  the  rate  of  cooling  is  not  the  same  at  all  points  on  the 
surface  of  a  rock  mass,  but  varies  from  place  to  place,  as  through 
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convection  currents  in  the  atmosphere  over  a  lava  flow,  then  the 
direction  of  the  planes  of  fracture  will  not  continue  normal  to 
the  cooling  surface. 

For  the  layers,  or  planes,  of  like  contractional  stresses  will  not  proceed 
parallel  to  the  surface  plane,  as  indicated  in  Fig.  12,  in  which  the  shaded  por- 
tion represents  the  variation  in  rates  of  cooling,  the  maximum  being  at  c. 
Cracking  will  begin  at  c,  and  be  closer  together  than  at  a.  At  the  end  of  a 
given  time  the  isothermal  plane  at  which  cracking  takes  place  will  be  farther 
from  the  surface  below  c  than  below  a.  It  will  curve  downward,  and  the 
fractures  normal  to  it  will  diverge  and  curve,  resulting  in  curving  cracks, 
diverging  from  the  cooling  surface.  This  is  well  shown  in  the  basalt  in 
O'Rourke's  quany  and  elsewhere  on  Orange  Moimtain,  N.J.,  Fig.  13. 
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Fig.  15. 


The  discussion  so  far  has  had  to  do  with  the  direction  of 
cracking  in  a  plane  normal  to  the  surface  of  the  rock  body. 
But  in  a  homogeneous  mass  cooling  uniformly  over  a  plane 
surface  contraction  will  exert  itself  equally  in  all  directions,  and 
at  the  instant  of  rupture  will  act  toward  centers  equally  spaced 
throughout  the  plane  of  the  surface.  Their  distance  apart  is 
controlled  by  the  rigidity  of  the  mass  and  the  rate  of  cooling. 
Points  equally  spaced  in  a  plane  are  at  the  corners  of  equilat- 
eral triangles,  Fig.  14,  the  lines  connecting  them  being  those  of 
maximum  tensile  stress  in  the  surface  layer  of  the  rock.  Frac- 
ture will,  therefore,  start  at  right  angles  to  these  lines,  and  the 
resultant  system  of  cracks  will  be  hexagonal.  Inward  progress 
of  these  cracks  divides  the  mass  into  six-sided  prisms  or  col- 
umns.    When  the  stresses  are  not  uniformly  distributed,  owing 
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to  lack  of  perfect  homogeneity  in  the  mass  or  in  the  cooling, 
the  centers  of  contraction  will  not  be  uniformly  spaced,  and  the 
resulting  prisms  will  not  be  regularly  hexagonal,  but  may  have 
different  numbers  of  sides,  and  these  will  be  of  different  lengths. 
Adjacent  prisms  may  have  four,  five  or  six  sides,  occasionally 
more. 

When  two  systems  of  prismatic  cracks  approach  each  other 
at  an  inclination,  the  direction  of   advance  of  each  system  is 
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Fia.  16. 


changed  in  such  a  manner  that  the  prisms  curve  so  as  to  meet 
at  a  more  acute  angle,  as  shown  in  Fig.  15,  and  in  the  pictures 
of  the  columnar  structure  in  O'Rourke's  quarry.  Figs.  13  and  17. 
The  cause  is  found  in  a  change  in  the  rate  of  cooling  in  the 
rock  near  the  juncture  of  two  such  systems  of  prismatic  fractures. 

In  Fig.  16  the  isothermal  lines  of  cooling  are  shown,  the  lower  system 
parallel  to  the  bottom  surface  of  the  rock,  the  upper  system  curved  downward. 
The  temperature  i  is  that  at  which  fracture  begins.  It  is  evident  that  just 
beyond  the  isotherms  i  there  must  be  those  whose  temperature  is  T  =  i  -f  a, 
the  heat  from  which  diflfuses  at  certain  rates  across  the  isotherm  i  above  and 
i  below,  respectively.  But  at  T',  where  the  isotherms,  tt,  are  equally  distant, 
heat  diffuses  in  both  directions  as  indicated  by  the  arrows.  This  part  of  the 
rock  must  be  cooler  than  at  T  and  T,  and  the  isotherm  of  T  must  be  curved 
from  those  of  i^  t,  as  indicated  in  the  figure.     As  cooling  progresses  the  fractur- 
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Fio.  17.    TAFEBiNa  Columns  or  Basalt,  0ran<3E  Mountain,  N.J. 
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ing  temperature  t  will  eventually  occupy  this  position,  and  the  prismatic 
cracking  will  follow  the  normals  to  these  isotherms.  The  result  will  be  that 
prisms  meeting  at  an  inclination  will  bend  more  or  less  abruptly,  and  taper 
out  as  they  come  together.  Examples  of  this  phase  of  prismatic  structure 
were  well  exposed  in  O'Rourke's  quarxy  at  one  time,  Figs.  13  and  17. 

Columnar  structure,  or  prismatic  parting,  is  very  common  in 
bodies  of  extruded  rock,  and  in  many  intrusive  ones.  The 
prisms,  or  columns,  are  usually  perpendicular  to  the  cooling 
surface  when  the  cooling  has  been  uniform,  as  already  said. 
But  groups  of  diverging  and  curved  columns  are  frequently 
developed  just  below  the  upper  surface  of  extrusive  sheets  of 
lava,  while  those  developed  from  the  bottom  of  the  sheets  are 
normal  to  it  and  straight;  and  as  the  cooling  iq  more  rapid  from 
the  upper  surface,  the  columns  in  the  upper  portion  of  a  sheet 
are  usually  much  smaller  than  those  at  the  bottom. 

In  dikes  of  igneous  rock,  solidified  at  no  great  depth,  pris- 
matic cracking  is  developed  in  the  same  manner,  but  the  cool- 
ing along  both  sides  of  the  dike  is  so  nearly  the  same  that  in 
most  narrow  dikes  the  prisms  extend  straight  from  side  to  side, 
and  are  perpendicular  to  the  walls.  They  are  therefore  usually 
horizontal. 

The  sides  of  the  prisms  may  be  quite  straight  and  compara- 
tively smooth,  or  they  may  be  uneven  and  crooked,  like  many 
starch  prisms.  Sometimes  their  surface  is  marked  by  bands 
across  the  column,  resembling  crude  chiselings,  as  in  the  quarry 
on  Orange  Mountain.  No  satisfactory  cause  for  them  has  been 
suggested.  The  size  of  the  prisms  may  be  anything,  from  a 
diameter  of  an  inch  and  less  to  one  of  twenty  feet,  and  from  a 
length  of  several  inches  to  one  of  80  or  100,  and  even  200,  feet. 
The  larger  prisms  are  called  columns. 

They  are  most  commonly  developed  in  basaltic  lavas,  the 
best  examples  being  those  of  the  Giant's  Causeway,  the  Cave  of 
StaflFa,  the  basalts  of  the  Auvergne,  those  through  which  the 
Snake  River  has  cut  its  canyon  in  Idaho,  and  those  at  the 
Dalles  of  the  Columbia,  in  Oregon.  They  are  finely  developed 
in  rhyolitic  lavas  in  the  Yellowstone  Park,  especially  in  the 
obsidian  at  Obsidian  CliflF,*  Fig.  18,  and  in  the  canyon  of  the 
Yellowstone  River  near  Broad  Creek.     They  also  occur  in  all 

»  Monograph  32,  U.  S.  Geological  Survey,  1899,  Pt.  2,  p.  369,  et  9eq. 
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Idnds  of  lavas,  andesites,  trachytes,  phonolites,  etc.,  and  to 
some  extent  in  massive  tuSs. 

In  the  more  siliceous  lavas  platy  parting  is  more  common 
than  prismatic,  the  reason  for  which  will  be  suggested  later  on. 
In  massive  rocks  that  have  cooled  very  slowly  and  have  sohdi- 
fied  under  great  pressure  the  cracks  are  relatively  far  apart 


and  no  marked  columnar  structure  is  developed.  This  is  true 
of  the  more  granular  rocks,  such  as  granite,  though  columnar 
structure  sometimes  occurs  in  this  rock,  as  along  the  coast  of 
Cornwall. 

Columns  of  igneous  rock  are  sometimes  divided  by  trans- 
verse joints  at  more  or  less  regular  intervals,  or  they  may  be 
continuous  for  great  lengths.  The  cross  cracks  are  often  curved 
so  as  to  produce  a  cup-shaped  joint,  which  is  probably  related  to 
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spheroidal  cracking.  Rarely  columns  of  basalt  consist  of  sphe- 
roids set  one  upon  another,  as  in  the  Cheese-grotto  near  Ber- 
trich  in  the  Eifel.  In  andesite  of  Stenzelberg,  Siebengebierge, 
the  columns  are  cylindrical. 

Columnar  cracking  is  also  produced  by  shrinkage  due  to  the 
loss  of  water  from  a  rock  mass  caused  by  evaporation  or  by 
baking,  hence  it  may  be  developed  in  sedimentary  rocks  as  a 
result  of  contact  metamorphism. 

Tabular  or  platy  parting  occurs  very  frequently  in  bodies  of 
more  siliceous  lavas,  and  also  in  intrusive  rocks  of  all  kinds, 
the  planes  of  cracking  being  parallel  to  the  cooling  surface, 
that  is,  exactly  at  right  angles  to  those  producing  columns, 
and,  since  they  are  both  due  to  surface  cooling,  their  difference 
of  position  must  depend  upon  other  factors.  Tabular  parting 
frequently  occurs  just  below  the  upper  surface  of  a  lava  sheet, 
extending  a  short  distance  downward  and  being  replaced  by 
columnar  cracking  at  right  angles  to  it,  as  at  Obsidian  Cliff.  In 
some  cases  it  occurs  throughout  the  mass,  as  in  many  sheets  of 
rhyolite,  and  in  some  of  andesite.  Intrusive  basalts  at  Eureka, 
Nev.,  are  cracked  into  thin  plates  parallel  to  the  curved  wall  of 
contact  between  the  basalt  and  rhyolitic  tuff.  Dike  rocks  are 
often  cracked  in  plates  near  the  sides,  while  the  central  part  is 
columnar.  It  is  very  common  in  phonolite  and  trachyte. 
There  is  another  kind  of  platy  parting  which  conforms  with  the 
lamination  of  a  rock,  and  is  specially  characteristic  of  highly 
siliceous  lavas,  and  it  is  probable  that  the  two  are  not  always 
distinguishable  from  one  another. 

Platy  parting  of  the  first  kind,  while  taking  place  in  appar- 
ently homogeneous  rock  masses,  is  undoubtedly  due  to  actual 
physical  differences  in  the  mass.  When  the  surface  of  a  magma 
is  rapidly  cooled,  the  outer  layer  is  cooled  more  rapidly  than 
that  just  within,  and  this  more  rapidly  than  the  next,  and  so 
on.  That  is,  the  rate  of  cooling  is  slower  and  slower  from  the 
outside  inward.  And  the  rate  of  change  will  be  greater  as  the 
conductivity  of  the  mass  is  poorer.  If  the  outside  be  chilled 
so  as  to  solidify  as  glass,  its  contraction  will  not  be  as  great  as 
that  portion  of  the  lava  which  cools  slow  enough  to  crystallize, 
since  the  condensation  is  greatest  in  the  crystal  phase.  Hence 
the  direction  of  maximum  stress  of  contraction  will  be  normal 
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to  the  surface  in  that  portion  of  the  mass  where  such  physical 
differences  exist,  and  the  plane  of  rupture  will  be  at  right  angles 
to  this  stress,  that  is,  parallel  to  the  cooling  surface.  This 
explains  platy  parting  near  the  surface  of  extrusive  sheets,  and 
near  the  walls  of  intruded  bodies,  columnar  cracking  taking 
place  where  the  mass  is  physically  more  uniform.  Fig.  18.  It 
also  explains  its  more  frequent  occurrence  in  the  more  siliceous 
lavas,  for  variations  in  the  degree  of  crystallization  are  more 
common,  and  the  transition  from  glassy  margin  to  crystalline 
interior  extends  through  a  broader  zone  than  in  the  less  siliceous 
rocks. 

The  second  kind  of  platy  parting  is  due  to  alternations  of 
more  or  less  crystalline  and  glassy  layers  caused  by  the  spread- 
ing out  of  the  molten  magma  while  flowing,  the  magma  being 
irregularly  charged  with  water  and  other  gases,  which  promote 
crystallization.  It  depends  on  a  lack  of  physical  and  chemical 
homogeneity  in  the  molten  magma,  and  this  occurs  more  fre- 
quently in  the  less  liquid  lavas,  that  is,  more  often  in  the  highly 
silicieous  ones.  After  solidification  the  contraction  is  unequal 
in  the  different  layers,  producing  cracks  that  split  the  mass  in 
plates  parallel  to  the  planes  of  flow.  This  tabular  or  platy 
parting  may  be  accompanied  by  a  more  or  less  pronounced 
prismatic  cracking,  generally  in  large  prisms. 

The  thickness  of  the  plates  may  be  one-sixteenth  of  an  inch 
or  several  inches,  the  thinner  cracking  being  called  platy  and 
the  thicker  tabular.  The  plates  are  not  generally  of  any  con- 
siderable lateral  extent,  being  several  inches  to  several  feet  in 
diameter.  This  is  probably  the  commoner  kind  of  platy  parting 
in  rhyolites,  phonolites,  trachytes,  and  andesites.  It  is  well 
developed  in  the  lithoidal  rhyolite  at  Obsidian  Cliff,  and  is 
shown  in  Fig.  19.  It  may  be  developed  to  some  extent  in  the 
finer-grained  intrusive  rocks. 

A  subsidiary  parting  is  sometimes  developed  acros8\the  plates  that  are 
parallel  to  the  planes  of  flow.  They  are  close  together  and  normal  to  the 
surface  of  the  plates,  and  occur  at  right  angles  to  the  direction  of  greatest 
stress  within  the  plate^  such  as  may  be  produced  by  the  stretching  of  the 
sheet  when  resting  on  a  hillside. 

Jointing  and  cracking  produced  by  shearing  and  pressure  should  be  dis- 
tinguished from  those  just  described.  They  are  commonly  accompanied  by 
slipping  and  faulting,  with  slicken-sides,  and  in  extreme  cases  with  layers  of 
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Fio.  19.    PIjAti  Parting  in  LiraoiDAL  Rhtoute,  Obsidian  Clot. 
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crushed  rock.  These  may  occur  in  quite  irregular  positions,  and  the  fractured 
rocks  may  be  shattered  into  fragments  of  various  sizes  embedded  in  a  matrix 
of  comminuted  particles.  This  usually  happens  in  the  neighborhood  of  a 
profound  fault.     Such  a  mass  becomes  a  crushed  breccia. 

Shearing  cracks  may  be  almost  parallel,  giving  rise  to  slaty  and  schistose 
cleavage.  Or  they  may  divide  the  mass  into  laige  slabs,  or  flat  blocks,  as  in 
the  case  of  some  granites  and  gneisses.  Jointing  in  several  directions  causes 
the  rock  to  break  into  more  or  less  regularly  shaped  polyhedrons,  or  into 
irregularly  shaped  fragments  or  sherds. 

Structures  of  aggregation  in  tuffs  and  breccias  indicate  their 
mode  of  accumulation.  They  may  be  bedded  or  unbedded. 
When  bedded  the  distinctness  of  the  layers  depends  mainly  on 
the  fineness  of  the  material.  Tuff  composed  of  fine  particles 
may  have  sharply  defined  layers,  which  may  differ  in  the  coarse- 
ness of  the  fragments,  some  approaching  layers  of  sand,  or  con- 
glomerates, in  appearance,  but  the  individual  grains  being 
angular  to  subangular.  When  the  fragments  vary  in  size  in 
each  layer,  and  reach  several  inches  to  a  foot  in  diameter,  the 
bedding  is  less  sharply  marked,  the  surface  planes  of  successive 
layers  not  being  even  in  most  cases.  Often  the  bedding  is  quite 
pronounced  when  seen  at  a  distance,  but  is  much  less  so  upon 
close  inspection.  Generally  the  larger  fragments  are  more 
abundant  in  the  lower  part  of  each  layer.  The  thickness  of  a 
layer  may  be  anything,  from  several  inches  to  several  feet. 

The  rock  fragments  are  angular  to  subangular,  and  the  pro- 
portion between  small  and  large  fragments  varies  between  wide 
extremes.  In  some  instances  rounded  stones  occur  with  angular 
ones,  and  a  large  part  of  the  material  may  be  rounded  and 
waterworn,  when  the  bedding  and  arrangement  of  the  material 
are  like  those  in  sedimentary  gravels  and  conglomerates,  showing 
assortment  and  sometimes  false  bedding. 

Unbedded  tuff  and  breccia  form  great  masses  without  sign 
of  arrangement.  Fragments  of  all  sizes  are  mingled  without 
order.  Such  accumulations  may  be  a  few  feet  thick  or  hundreds 
of  feet,  constituting  the  major  part  of  mountain  masses.  The 
weathering  of  these  unbedded  accumulations  often  produces 
characteristic  forms.  Massive  tuffs  are  sometimes  cut  down 
by  surface  waters  into  tower-like  forms  with  conical  summits. 
The  erosion  of  massive  breccias  frequently  produces  pinnacled 
towers  and  buttresses  with  rough  and  irregular  surfaces,  due 
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to  the  projection  of  angular  blocks  of  compact  lava  from  the 
more  easily  eroded  matrix,  called  hoodoos  in  Western  America. 
These  may  cover  a  large  area  on  a  mountain  slope,  as  at  Hoodoo 
Mountain,  in  the  Absaroka  Range,  Wyoming.' 

Eutazitic  Structure.  —  When  exploded  fragments  of   molten 
magma,  large  or  small,  fall  together  in  a  still  heated  condition, 


Fm.  20.    Welded  Pumice,  Yellowstone  National  Park, 

aa  may  readily  happen  within  the  crater  of  a  volcano  or  in  the 
mouth  of  a  fissure,  they  may  be  plastic  enough  to  weld  together 
into  a  more  or  less  compact,  coherent  mass.  This  may  sub- 
sequently flow  like  other  lava,  and  is  known  as  flow-breccia. 
The  result  of  such  fragmentation  and  welding  is  shown  in  the 
brecciated  appearance  of  the  rock,  which,  if  a  volcanic  glass, 
may  consist  of  angular  pieces  different  in  color,  in  the  size  and 
distribution  of  the  crystals,  in  texture,  and  in  denseness.  In 
some  instances  these  pieces  may  be  drawn  out  into  streaks,  as 
the  lava  flowed;  and  this  may  proceed  to  such  an  extent  that  the 
former  brecciated  character  is  obscured,  and  lamination  is  pro- 
duced. This  streaked  and  blotched  appearance  of  a  lava  is 
called  EUTAXITIC  BTRncruRB. 

'  Mont^Tttph  32,  U.  8.  Geological  Survey,  1899,  Pt.  2,  p.  223. 
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Fio.  21.    Partiallt  Collapsed  PmncB,  Yellowstone  National  Pare. 


FiQ.  22.    Wkldkd  i^MicB  WITH  AxioLiTEB,  YxLLowaroKB  National  Pabx. 
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The  same  operation  may  result  in  the  welding  of  exploded 
pumice,  or  of  collapsed  pumice  that  was  highly  inflated.  The 
distinction  between  this  and  a  flow  breccia  is  chiefly  in  the  size 
of  the  welded  fragments.  When  the  magma  furnishing  the 
particles  is  strongly  colored,  it  sometimes  happens  that  the 
color  disappears  at  the  surface  of  the  fragments,  or  is  changed 
to  another  tint,  so  that  when  they  are  welded  together  their 
former  shape  is  shown  by  the  light^colored  outline  of  parts  of 
the  rock  when  seen  in  thin  section,  as  in  Fig.  20,  from  dense 
welded  rhyolitic  pumice.  In  case  the  collapse  has  not  been 
complete,  there  may  be  many  porous  spaces,  and  if  the  lava 
has  flowed  enough  to  draw  out  the  welded  glass,  the  structure 
ap(>ears  as  in  Fig.  21.  In  a  completely  welded  pumice  that 
has  been  long  drawn  out,  the  structure  is  that  shown  in  Fig.  22. 
In  this  rock  spherulitic  crystallization  has  arranged  itself  along 
the  dxes  of  the  welded  threads,  producing  a  texture  known 
as  axiolitic,  already  described  in  connection  with  spherulitic 
crystallization.  These  examples  of  welded  pumice  are  from 
rhyolitic  lavas  in  the  Yellowstone  National  Park.* 

^  Monograph  32,  U.  S.  Geological  Survey,  1899,  p.  404. 
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NOMENCLATURE  AND  CLASSIFICATION  OF 

IGNEOUS  ROCKS 

CHAPTER  I 

HISTORICAL  SKETCH 

Introduction.  —  Having  become  acquainted  with  the  char- 
acteristics of  igneous  rocks  so  far  as  concerns  their  chemical 
and   mineral   composition,   their   mode   of   crystallization   and 
texture,  and  the  manner  in  which  they  may  become  differ- 
entiated and  erupted  from  deep-seated  reservoirs,   the  ques- 
tions naturally  arise  as  to  how  they  occur  in  various  regions, 
in  what  association  with  one  another,  and  what  are  the  special 
characteristics  of  the  many  different  kinds  of  igneous  rocks 
that   have   been   produced   on   the   earth.     Answers   to   these 
questions  must  be  in  the  nature  of  descriptions  of  sp)ecific 
rocks,  their  occurrence  at  particular  centers  of  eruption,  and 
their  association  in  petrographical  provinces.     But  in  order  to 
do  this  it  is  necessary  to  employ  terms,  or  names,  for  various 
kinds  of  rocks  so  as  to  simplify  descriptions  and  to  make  use 
of  the  store  of  information  supplied  by  innumerable  descriptions 
and  statements  to  be  found  in  the  literature  of  the  subject. 
These  two  purposes  cannot  be  accomplished,  however,  in  the 
same  manner,  for  the  names  and  terms  used  in  the  literature 
of  petrography  have  been  given  on  such  different  bases  and 
have  been  employed  in  such  diverse  ways  often,  that  their 
use  does  not  always  simplify  the  description  or  discussion  of 
igneous  rocks,  but  rather  confuses  them.     In  order  that  names 
of  rocks  should  be  of  greatest  service  they  should  be  capable  of 
as  precise  definition  as  possible,  and  their  application  should 
be   invariable.     For   these   reasons   they   should   be   given   to 
systematically    arranged    varieties    of    rocks,    which    may.  be 
placed  in  groups  of  different  orders  of  magnitude,  or  of  com- 
prehensiveness.    In  a  new  and  rapidly  growing  science,  how- 
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ever,  this  is  not  possible.  Names  must  be  employed  for  rocks 
before  their  precise  character  and  their  relation  to  other  rocks 
are  known,  and  when  these  are  learned,  the  definitions  of  names 
in  use  must  become  modified.  Commonly  they  become  more 
restricted  in  their  application;  new  names  are  needed  and  are 
introduced.  Thus  the  nomenclature  in  a  particular  subject 
grows;  often  without  system;  commonly  from  suggestions  of 
individual  petrographers.  Names,  so  given,  survive  if  found 
by  other  writers  to  be  useful  and  appropriate;  if  not,  they 
remain  unused  and  are  generally  harmless.  There  has  grown 
up  in  this  way  a  vocabulary  of  rock  names  which  have  very 
different  degrees  of  exactness,  and  in  some  cases  a  considerable 
range  of  usage  or  application,  so  that  it  is  necessary  to  know 
the  period  in  which  they  were  used,  and  the  particular  petro- 
grapher  who  employed  them.  Recently  an  entirely  new 
nomenclature  has  been  suggested  for  igneous  rocks,  which  is 
coming  into  general  use,  so  that  the  student  must  become 
acquainted  with  two  different  nomenclatures,  — an  old  one,  which 
is  acknowledged  to  be  seriously  defective  and  inadequate,  and 
a  new  one  that  is  not  completely  developed. 

Names  have  been  suggested  or  employed  from  time  to  time 
for  particular  kinds  or  varieties  of  igneous  rocks  with  little  or  no 
regard  to  any  classification  of  the  rocks,  and  so  may  be  used 
for  these  rocks  no  matter  how  they  may  be  classified.  Names 
given  to  groups,  or  classes,  of  rocks  are  generally  peculiar  to 
certain  systems  of  classification,  and  are  part  of  the  termi- 
nology of  a  system.  A  proper  understanding  of  the  nomen- 
clatures and  terminologies,  as  well  as  the  classifications  of 
igneous  rocks,  in  present  use  by  petrographers  in  various  parts 
of  the  world,  must  rest  on  a  knowledge  of  the  history  of  the 
growth  of  petrology  in  the  past  century,  a  complete  account 
of  which  has  not  been  written.  An  important  contribution  to 
the  subject,  however,  may  be  found  in  a  "Review  of  the 
Development  of  Systematic  Petrography  in  the  Nineteenth 
Century,"  by  Cross.*  Some  idea  of  the  changes  that  have 
taken  place  in  the  nomenclature  and  classification  of  igneous 
rocks  may  be  gotten  from  the  following  very  brief  sketch  of 
the  usages  with  regard  to  some  of  the  principal  rock  names, 

*  Cross,  W.  C.  Jour.  Geol.,  vol.  10,  1902,  pp.  431-499;  also  Quantita- 
tive Classification  of  Igneous  Rocks,  Chicago,  1902,  pp.  1-94. 
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and  of  essential  features  of  different  classifications,  the  latter 
derived  largely  from  the  review  by  Cross. 

Growth  of  Nomenclature.  —  A  few  of  the  commonest  names 
of  igneous  rocks  in  present  use  have  come  down  from  the  times 
of  Theophrastus  and  of  Pliny,  and  may  be  found  in  Greek  and 
Roman  writings.  These  are,  syenite^  porphyry,  basalt,  basanite, 
obsidian,  while  other  names  were  originally  used  by  workers  in 
stone,  chiefly  in  Italy,  and  were  afterwards  adopted  by  geologists. 
Such  are,  granite  and  gabbro. 

Syenite  was  originally  applied  to  the  rock  at  Syene  (Assuan)  in  Upper 
Egypt,  largely  used  by  the  ancients  for  making  monuments  and  obelisks 
(Pliny).  This  rock  contains  much  quartz,  and  is  now  called  a  hornblende- 
granite.  The  name  syenite  was  applied  by  Werner  in  1787  to  rocks  of  the 
Plauen  Grund,  near  Dresden,  composed  chiefly  of  feldspar  and  hornblende, 
without  qiiartc.  The  use  of  the  name  syenite  became  diverse  from  now  on. 
Haiiy  in  1822,  and  Leonhard  in  1823,  apply  it  to  feldspar-hornblende  rocks 
without  quartz.  Brongniart  in  1813  used  it  for  rocks  with  these  minerals 
together  with  quartz,  and  this  usage  has  persisted  among  many  geologists 
to  within  recent  times. 

It  is  to  be  noted  that  differences  in  the  character  of  the  feldspars  in  rocks 
were  not  recognized  or  used  in  their  definition  until  about  1836,  by  von  Buch. 
In  1841  syenite  was  defined  as  an  orthoclase-homblende  rock.  In  1849 
the  term  was  extended  by  Rose  to  rocks  with  orthoclase  and  biotite;  and  in 
1875  vom  Rath  made  it  include  rocks  with  orthoclase  and  augite.  In  1887 
Rosenbusch  extended  the  term  to  include  rocks  composed  chiefly  of  alkali- 
feldspar  and  any  feriomagnesian  mineral ;  hornblende,  mica,  or  pyroxene. 

Basalt  has  had  a  somewhat  different  experience.  The  origin  of  the  term 
is  uncertain,  and  may  have  been  derived  from  Ethiopian,  bseli  or  bsaU, 
cooked  or  baked  (Pliny).  It  was  first  applied  to  dense,  dark  volcanic  rocks 
or  lava;  was  used  in  this  sense  by  Werner;  was  thought  to  consist  chiefly 
of  amphibole  (Haiiy),  but  was  found  by  Cordier  to  be  preponderantly  pyrox- 
ene, with  other  minerals.  A  s3monymous  term  of  ancient  origin  was  basanr- 
ite.  Leonhard,  in  1823,  considered  basalt  as  very  fine-grained  dolerite,  and 
composed  of  pyroxene,  feldspar,  and  magnetite.  He  recognized  transitions 
from  basalt  to  dolerite,  phonolite  and  trachyte.  It  was  not  until  1870  that 
the  microscopical  studies  by  Zirkel  demonstrated  that  rocks  called  basalt 
varied  greatly  in  composition,  and  were  then  given  various  names.  The 
name  basalt  is  still  used  in  a  restricted  sense  by  some  petrographers,  and  as 
a  comprehensive  term  by  others. 

Porphyry  is  a  name  given  by  the  ancients  to  a  rock  on  account  of  its 
purple  color,  vopiftvpiT'ijs  (porphyrUes  lapis).  The  rock  was  dense,  lithoidal, 
and  spotted  with  light-colored  crystals  of  feldspar.  The  name  became  sig- 
nificant of  the  spotted  appearance,  and  not  the  color,  and  was  applied  to 
spotted  rocks  of  various  colors.  As  early  as  1813,  Brongniart  began  to 
make  new  words  by  using  the  syllable  -phyre  as  a  suflix;   thus  mdaphyre 
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was  given  to  black  porphyry.  In  1826  von  Buch  used  the  word  rhoniberir 
porphyre;  and  later  it  entered  such  compounds  as  augitophyre  (1852), 
orthophyre,  lencUophyref  etc.  (Coquand,  1857). 

Obsidian  has  been  used  in  only  one  sense,  apparently,  from  ancient  times,  — 
for  black  volcanic  glass. 

Granite  was  used  as  early  as  1596  by  Csesalpinus,  and  appears  to  have 
been  applied  to  any  granular  rock.  Wallerius  appropriated  it  for  a  rock 
composed  of  feldspar,  quartz,  and  mica,  and  Werner  used  it  in  this  sense  in 
1787.  Leonhard  (1823)  recognized  the  presence  of  several  kinds  of  micas 
and  accessory  minerals,  such  as  hornblende,  tourmaline,  and  numerous 
others.  Its  relation  to  aplite  (Retz)  and  pegmatite  (Haiiy),  and  its  grada- 
tion into  syenite  and  diorite,  were  known  at  this  time.  As  in  the  case  of 
syenite,  the  character  of  the  feldspar  was  subsequently  fixed  as  orthoclase, 
and  in  1887  made  to  embrace  all  alkali-feldspars,  by  Rosenbusch.  Like- 
wise the  definition  was  extended  to  all  quartz-alkali-feldspar  rocks  con- 
taining mica,  hornblende,  or  pyroxene.  It  is  used  at  present  in  various 
senses;  in  some  cases  in  a  narrow  sense;  in  others,  in  almost  the  original, 
vague  maimer. 

Phonolite  (Klaproth,  1801),  formerly  called  klingHein  by  Werner  (1787), 
was  defined  by  Haiiy  (1822)  as  compact  feldspar  with  uneven  conchoidal 
fracture  and  greenish  gray  color,  and  as  grading  through  a  great  number  of 
modifications  into  beisalt.  Its  chemical  behavior  toward  acids  was  early 
noted,  1805;  sanidine  was  recognized  as  a  constituent  in  1828  by  Gmelin,  and 
the  presence  of  nephelite  was  determined  by  Rose  in  1839.  A  microscopical 
study  by  Zirkel  in  1867  showed  its  true  mineral  composition. 

Trachyte  was  applied  by  Haiiy,  before  1813,  to  rocks,  composed  of  feld- 
spar, whitish  to  ash-gray,  having  a  rough  appearance;  often  porphyritic 
with  glassy  feldspars,  which  are  sometimes  striated.  These  rocks  include 
those  formerly  called  trap-porphyry  by  Werner  (1787)  and  domite  by 
von  Buch.  Some  had  been  called  granite-porphyry  by  Nose,  1789.  The 
trachytes  of  the  Siebengebiige  were  formeriy  called  gmnite.  Their  volcanic 
origin  had  been  demonstrated  by  Humboldt  (Geogn.  Versuch,  1823).  Tra- 
chytes were  of  widespread  occurrence  in  Europe  and  in  the  South  American 
Cordillera.  When  differences  in  feldspars  became  known,  the  many  kinds 
of  rocks  called  trachyte  began  to  be  distinguished  by  names.  In  1836  those 
supposed  to  contain  chiefly  andesine  were  called  andesite  by  von  Buch ;  and 
those  characterized  by  orthoclase  (sanidine)  were  considered  by  some  petrog- 
raphers  as  trachytes,  while  others  urged  the  retention  of  the  name  for  all  the 
rocks  to  which  it  was  first  applied;  from  this  has  resulted  great  confusion 
in  the  use  of  the  name,  trachyte.  Andesite  has  been  applied  to  rocks  of 
this  kind  containing  all  varieties  of  feldspar  more  calcic  than  oligoclase,  except 
those  called  basalt,  and  so  has  become  a  much  more  general  term  than  trachyte, 
which  at  present  has  a  limited  application. 

These  examples  of  usage  at  different  times  and  by  various 
petrographers  will  serve  to  show  the  manner  in  which  the 
present  petrographical  nomenclature  has  come  into  existence. 
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It  grew  out  of  the  attempts  of  early  geologists  and  mineralo- 
gists to  describe  the  rocks  as  they  found  them  in  the  earth,  or 
in  museum  collections. 

Growth  of  Classifications.  —  The  early  efforts  of  Linnseus  to 
classify  objects  in  the  mineral  kingdom  met  with  little  suc- 
cess, owing  to  ignorance  as  to  their  actual  character.  In  the 
last  part  of  the  eighteenth  century  more  definite  knowledge  of 
minerals  made  a  clearer  understanding  of  rocks  possible. 
Explorers  and  geologists  were  unraveling  the  intricate  relation- 
ships of  rock  masses,  and  making  clear  the  stratigraphic 
sequence  of  sedimentary  formations.  The  early  classifications 
of  rocks  by  Haidinger  and  Werner  were  in  large  part  concerned 
with  the  supposed  order  of  their  succession  or  superposition, 
and  the  descriptive  portions  were  hampered  by  lack  of  pre- 
cise knowledge  of  the  constituents  of  the  rocks.  So  far  as  pos- 
sible at  that  time  the  definitions  were  often  clear  expressions 
of  the  megascopic  appearance  of  particular  rocks. 

The  following  names  of  igneous  rocks  were  among  those  employed  by 
Werner:  syenit,  granitf  achriftgranity  porphyry  grunsteiriy  graustein,  klingsteinf 
perlstein,  pechsteir^,  mandelstein,  trapp,  basalt,  lava. 

With  the  beginning  of  the  nineteenth  century  interest  in 
the  composition  and  character  of  rocks  increased  rapidly 
through  the  mineralogical  achievements  of  Haiiy  in  Paris. 
He  proposed  to  classify  rocks  on  a  mineral  basis,  and  in  1822 
published  a  classification  in  which  rocks  of  very  different 
origin  were  grouped  together  according  to  mineral  resem- 
blances. Prior  to  this,  in  1813,  Brongniart  had  published  a 
somewhat  similar  classification,  which  was  reissued  in  much 
better  form  in  1827.  The  investigations  of  Cordier  during 
these  years  into  the  chemical  and  mineral  composition  of 
volcanic  rocks  (published  in  1815)  were  instrumental  in  advan- 
cing the  subject  materially. 

Among  the  rock  names  employed  by  Brongniart  in  1813  are:  diabase 
(griinstein,  Werner);  variolite,  an  old  term;  basarvUe  (basalt),  both  old 
terms;  mdaphyre  (trapp-porphyr,  Werner);  amygdaloide  (mandelstein, 
Werner);  domUe,  previously  used  by  von  Buch;  also  several  names  already 
used  by  Haiiy;  pegmatiUy  trachyte.  In  1822  Haiiy  used,  besides  the  names 
just  mentioned,  diarite  (d'Aubuisson,  1819)  (gninstein,  Werner).  This  rock 
had  many  modifications,  from  phanerociystalline  to  "basaltic"  and  "amyg- 
daloidal"   varieties;    aphanite  (d'Aubuisson,  1819)  (trap,   porphyry  of  the 
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ancients,  variolite);  dol^rUe  ("groundmass  of  feldspar  surrounding  crjrstals  of 
pyroxene;"  "resembling  fine-grained  diorite;"  "variety  of  graustein  of 
Werner");  phonolite  (Klaproth)  (kiingstein,  Werner);  baacUt  ("originally 
thought  to  consist  in  large  part  of  amphibole,  but  shown  by  Cordier  to  be 
largely  pyroxene")  contains  much  iron;  also  the  French  forms  of  the  old 
words,  obsidian,  perlite,  pitchstone,  pumice.  The  term  gabbro  was  intrt)- 
duced  by  von  Buch  in  1810,  and  minette  was  used  by  de  Beaumont  in  1822. 

In  London,  as  early  as  1822,  Macculloch  undertook  the 
classification  of  rocks  chiefly  on  a  geological  basis;  that  is,  by 
formations.  At  the  same  time  (1823)  in  Heidelberg  appeared 
the  first  considerable  publication  of  great  value  as  distinctly  a 
treatise  on  rocks.  It  was  **Charakteristik  der  Felsarten,"  by 
Karl  Csesar  von  Leonhard.  In  this  he  combined  clear  ideas  of 
the  relationship  between  geological  occurrence  and  petrographi- 
cal  characters  of  rocks.  However,  the  system  of  classification 
is  not  based  on  definitely  stated  principles.  The  chief  groups 
are:  (1)  Heterogeneous  rocks,  (2)  Homogeneous  rocks,  (3)  Frag- 
mental  rocks,  (4)  Loose  rocks.  Further  divisions  were  made  in 
some  cases  upon  textural  characters,  as  granular,  schistose,  por- 
phyritic,  dense  and  glassy.  It  is  interesting  to  note  that 
Leonhard  introduced  almost  no  new  names  for  igneous  rocks. 
He  is  credited  with  having  first  used  the  terms  fdsU  and 
anamesiL 

In  France,  Brongniart  (1827)  issued  a  classification  of  rocks  in 
which  he  distinguished  plainly  between  minerals,  rocks,  and 
geological  terranes,  or  formations.  He  pointed  out  the  difference 
between  a  consideration  of  the  composition  and  characters  of 
rocks  and  that  of  their  geological  occurrence,  and  held  that  a 
classification  of  rocks  must  be  based  on  their  characteristics, 
composition  and  texture.  His  system  comprises  two  principal 
divisions:  (1)  Homogeneous,  or  simple,  rocks;  (2)  Heteroge- 
neous, or  composite,  rocks.  Their  identification  is  based  on 
megascopic  characters.  Homogeneous  rocks  are  divided  into 
(1)  Those  composed  of  recognizable  minerals  (roches  phan6- 
rogenes),  and  (2)  those  having  an  unrecognizable  constitution 
(roches  ad^log^nes).  Heterogeneous  rocks  are  divided  into 
(1)  "roches  de  cristallisation,"  and  (2)  "roches  d'agr^gation," 
which  introduces  the  idea  of  origin,  or  mode  of  formation,  but 
this  was  not  commented  on  by  Brongniart  at  the  time. 

The  studies  of  such  a  keen  observer  as  De  la  Beche  in  England 
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led  to  the  general  recognition  of  systematic  classification  of  rocks 
as  distinct  from  other  treatments  of  their  relationships,  and  in 
1833  he  divided  rocks  into  stratified  and  unstratified;  the  strati- 
fied being  subdivided  into  superior  or  fossiliferous,  and  inferior 
or  non-fossiliferous.  These  divisions  correspond  to  sedimentary, 
metamorphic,  and  igneous. 

The  investigations  into  the  chemical  composition  of  rocks  and 
of  their  mineral  constituents  by  Cordier,  Abich,  Bunsen,  von 
Waltershausen,  Bischof,  Scheerer,  Roth,  Streng,  Delesse,  Hough- 
ton, and  others  took  place  about  this  period.  One  of  the  notable 
results  of  these  studies,  especially  those  of  Rose  and  Abich,  was 
the  emphasis  put  upon  the  character  of  the  feldspars  in  rocks, 
which  has  become  a  prominent  fafctor  in  modern  mineralogical 
classifications  of  igneous  rocks.  It  led  to  the  introduction  by 
von  Buch,  in  1835,  of  the  term  andesite,  primarily  for  rocks  of 
the  Andes,  containing  andesine  feldspar.  Another  result  showed 
itself  in  the  grouping  of  volcanic  rocks  in  basic,  intermediate,  and 
add  divisions  by  Abich  in  1841 ;  or  in  a^id,  hybrid,  and  basic  groups 
by  Durocher  in  1857;  or  in  a^id,  neutral,  basic,  and  ultra  basic  divi- 
sions by  Kjerulf  in  1857.  These  conceptions  were  also  connected 
with  theories  as  to  the  origin  of  volcanic,  or  igneous,  rocks. 

In  1850  there  appeared  an  important  contribution  to  the  sub- 
ject of  rock  classification  by  Naumann,  at  Leipzig.  Its  chief 
significance  lies  in  the  method  of  treatment,  since  its  author  was 
a  great  systematist,  and  of  the  many  ways  in  which  he  discussed 
the  relationships  of  rocks,  one  section  was  called  ^'Petrographie 
oder  Gesteinslehre."  This  is  probably  the  first  use  of  the  term 
petrography,  and  was  used  in  the  broad,  general  sense  now 
attached  to  petrology.  He  recognized  six  divisions  in  his  treat- 
ment of  petrography:  (1)  a  discussion  of  the  constituents  of 
rocks,  (2)  the  texture  and  structure  of  rocks,  (3)  the  forms  of 
their  occurrence,  (4)  the  systematic  description  of  rocks,  (5)  the 
genesis  of  rocks,  (6)  their  alteration.  But  it  appears  that  his 
system  of  classification  for  purposes  of  description,  beyond  the 
first  division  into  original  and  derived,  was  without  logical 
sequence.  The  chief  value  of  his  work  rests  in  the  clear  pre- 
sentation of  the  scope  of  the  science  of  rocks. 

In  1855  Von  Cotta,  of  Freiberg,  published  his  "Gesteinslehre," 
in  which  he  maintained  that  the  more  fundamental  characters  of 
rocks  were  their  chemical  and  mineral  composition,  that  the 
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latter  should  be  made  the  basis  for  the  definition  of  the  names  of 
rocks,  and  that  texture  should  be  employed  for  their  further 
qualification.  In  a  second  edition,  in  1862,  rocks  are  grouped 
primarily  according  to  their  mode  of  formation  as,  eruptive, 
fnetamorphiCf  and  sedimentary. 

About  this  time  there  appeared  a  work  by  Coquand  (Paris, 
1858)  which  resembles  that  of  Naumann  in  certain  respects.  It 
recognizes  three  families  of  rocks:  igneous ,  aqueous ,  metamorphic. 
Igneous  rocks  are  divided  into  (1)  granitic,  in  the  sense  of  granu- 
lar; (2)  porphyritic;  (3)  volcanic.  Coquand  used  for  the  first  time 
the  names,  pyroxenite,  and  orthophyre,  oHgophyre,   leucitophyre. 

An  attempt  at  a  chemical  classification  of  rocks  was  made  by 
Senft  in  1857,  but  it  was  highly  artificial  and  unsystematic,  and 
left  little  or  no  impression  upon  the  development  of  petrography. 
Quite  otherwise  was  the  result  of  the  studies  by  Roth,  who 
collected  and  published  from  time  to  time  analyses  of  rocks 
made  by  various  analysts.  The  first  collection  of  analyses  was 
published  in  1861,  and  was  accompanied  by  a  discussion  of  the 
chemical  and  mineral  composition  of  igneous  rocks.  He  recog- 
nized the  fact  that  chemically  similar  rocks  may  have  different 
mineral  compositions,  that  a  purely  chemical  classification  is  not 
feasible,  and  that  a  mineralogical  classification  must  be  connected 
with  the  texture.  He  classified  rocks  on  a  mineral  basis,  pri- 
marily with  respect  to  the  feldspars,  and  the  presence  or  absence 
of  quartz,  as  follows: 


I.  Orthoclase   rocks    (often    contain- 

ing some  oligoclase). 

A.  With  quarU  (i.e.,  more  siliceous 
than  orthoclase). 

1.  Granite. 

2.  Gneiss. 

3.  Felsite-porphyry. 

4.  Liparite. 
6.  Syenite. 

B,  WUhovi  aruarU. 

1.  Orthoclafie-porphyry. 

2.  Sanidine-trachyte. 

3.  Sanidine-oligoclase-trachyte. 

4.  Phonolite. 

5.  Leucitophyre. 

II.  Oligoclase  rocks. 
A.    nith  hornblende. 

1.  Diorite. 

2.  Porphyrite. 

3.  Amphibole-andeeite. 


B.   With  augite. 

1.  Oliffocfase-augite-porphyiy. 

2.  Melaphyre  and  spilite. 

3.  Pyroxene-andesite. 

4.  Nephelinite. 
6.   Haiiynophyre. 

III.  Labradorite  rocks. 

1.  Labradorite-porphyry. 

2.  Gabbro. 

3.  Hypersthenite. 

4.  Diabase . 

5.  Dolerite. 

6.  Normal  pyooxenic  rock  (Bun- 
sen). 

7.  Basalt. 

IV.  Anorthite  rocks. 

A.  With  augite,  eukrite. 

B.  With  hornblende. 
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In  this  work  Roth  ueed  the  tenn  liparUe  for  what  had  been  called  guartz- 
trachyte  by  some  petrographers.  The  previous  year,  1860,  von  Richthofen 
named  the  same  kind  of  rocks  rhyoliUf  and  also  employed  lithoidiie  for  the 
lithoidal  varieties.  The  terms  eUolite-syenite  and  foyaite  were  used  by 
Blum  in  1861.  In  1863  Steriy-Hunt,  in  Canada,  introduced  the  term 
anorihoaiie,  for  rocks  almost  wholly  composed  of  lime-soda-feldspar.  In 
1864  de  Lapparent  applied  the  name  momoniU  to  the  syenitic  rocks  of 
Monzoni,  and  Hochstetter  gave  the  name  dunite  to  the  olivine-rock  of  New 
Zealand.     In  1866  pikrite  was  first  used  by  Tschermak,  and  ditroUe  by  Zirkel. 

A  work  of  far-reaching  influence  appeared  in  1866,  Zirkel's 
Lehrhuch  der  Petrographie.  It  was  a  treatise  of  great  richness  of 
information,  in  which  the  method  of  treatment  reflected  many  of 
the  ideas  expressed  in  the  more  important  systems  of  classifica- 
tion just  noted.     The  classification  adopted  was  as  follows: 

A.  Original  crystalline  rocks. 

I.  Simple  rocks. 

II.  Composite  rocks. 

1.  Composite  crystalline-granular  and  poiphyritic  rocks. 

2.  Composite  crystalline-schistose  rocks. 

B.  Clastic  rocks. 

Igneous  rocks  (II,  1)  were  divided  into  older  and  younger 
rocks,  although  the  artificial  character  of  such  a  distinction  was 
recognized.  A  mineralogical  division  similar  to  that  employed 
by  Roth  was  used,  with  the  distinction  of  feldspathic  and  non- 
feldspathic  rocks,  and  those  containing  the  feldspathoids,  nephe- 
lite  and  leucite. 

In  1868  was  published  von  Richthofen's  monograph,  "Princi- 
ples of  the  Natural  System  of  Volcanic  Rocks."  In  it  he  pro- 
posed to  use  genetic  relationship,  or  origin,  as  the  fundamental 
basis  of  classification,  grouping  together  all  volcanic  rocks.  The 
next  factor  was  texture,  producing  the  divisions,  granitic,  por- 
phyritic,  and  volcanic;  these  he  considered  as  geologically  sepa- 
rate. Mineral  composition  was  regarded  as  essentially  dependent 
on  chemical  composition,  and  as  more  convenient  for  definition 
of  rocks.     The  resulting  classification  was: 

Class  I.   Granitic  Rocks. 

Orders:   (1)  Granite;  (2)  Syenite;  (3)  Diorite;   (4)  Diabase. 

Class  II.   Porphyritic  Rocks. 
Orders:    (1)    Felsitic  porphyry;    (2)    Porphyrite;    (3)    Melaphyre; 

(4)  Augitic  porphyry. 

Class  III.   Volcanic  Rocks. 
Orders:   (1)  Rhyolite;    (2)  Trachjrte;    (3)  Propylite;    (4)  Andesite; 

(5)  Basalt. 

Further  mineralogical  distinctions  were  expressed  by  Families  under  Orders. 
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Although  the  microscope  was  employed  as  early  as  1774/ 
and  more  especially  in  the  first  decades  of  the  nineteenth  cen- 
tury by  Cordier/  in  the  study  of  rock  fragments  and  powders, 
its  real  application  to  the  investigation  of  rocks  was  not  made 
until  185.0,  when  H.  Clifton  Sorby,*  in  Sheffield,  England,  pre- 
pared thin  sections  of  calcareous  grit  and  studied  its  structure. 
Such  section  had  been  made  of  fossil  woods  by  Nicol  and 
Witham*  in  1831,  but  Sorby  was  the  first  to  apply  the  method 
to  the  study  of  rocks.  The  new  method  of  petrographical 
research  found  its  most  ardent  followers  in  Germany,  where 
rapid  advances  were  made  in  the  elucidation  of  the  problems  of 
the  aphanitic  rocks,  more  especially  those  of  igneous  origin. 
Among  the  first  and  more  important  contributors  to  micro- 
scopical petrography  were  Zirkel,  Rosenbusch,  Fischer,  Vogel- 
sang, von  Lasaulx,  vom  Rath,  Stelzner,  Strieng,  and  Mohl  in 
Germany;  Sorby  and  Allport  in  England;  Fouqu6  and  Michel- 
L6vy  in  France;  Tschermak,  Doelter,  and  Boricky  in  Austro- 
Hungary;  Tornebohm  in  Sweden.  Many  other  petrographers 
contributed  in  lesser  degree  to  the  advancement  of  the  new 
science.  In  the  United  States  the  earliest  writers  of  about  this 
period,  before  1880,  were  Hawes,  Pumpelly,  and  Wadsworth. 
The  number  of  students  of  petrography  increased  rapidly,  and 
their  works  will  be  reviewed  or  noted  in  the  descriptive  part 
of  this  book,  Volume  II.  The  many  names  of  rocks  proposed 
within  this  period  of  twenty-five  years  have  become  so  much 
a  part  of  the  present  system  of  qualitative  mineralogical  classi- 
fication, about  to  be  described  in  detail,  that  no  attempt  will 
be  made  to  sketch  the  history  of  their  introduction.  A  brief 
statement,  however,  of  the  development  that  has  taken  place 
in  the  classification  of  igneous  rocks  since  the  beginning  of 
microscopical  petrography  is  necessary. 

The  first  comprehensive  treatise  that  was  published  in  this 
p>eriod  was  Die  Mikroskopische  Beschaffenheit  der  Mineralien  und 
Gesteine,  by  F.  Zirkel,  in  1873,  which  deals  chiefly  with  "massive 

»  "D.  F."  Rozier's  Obs.  s.  la  phys.  IV,  1774,  p.  255. 

*  Cordier,  P.  L.  A.  Journal  des  Mines,  XV,  No.  227,  p.  259,  and  Ann.  d 
Chim.  et  Phys.  Ill,  1816,  p.  285. 

*  Sorby,  H.  C.     Quar.  Jour.  Geol.  Soc,  London,  1851,  vol.  vii,  p.  1. 

*  Witham,  H.  Edinburgh  and  London,  1831,  48  pp.,  6  PI.;  also  Neues. 
Jahrb.  f.  Min.,  etc.,  1833,  p.  456. 
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composite"  rocks,  that  is,  igneous  rocks.  They  are  arranged 
in  the  following  divisions: 

I.  Orthoclase  Rocks. 

(1)  With  quartz;    (2)  Without  quartz,  with  or  without  plagioclase; 
(3)  Without  quartz,  with  nephelite  (or  leucite). 

II.  Plagioclase  Rocks. 

With  (1)  hornblende;  (2)  augite;  (3)  dialiage;  (4)  hypersthene;  (5)  mica; 
(6)  olivine. 

III.  Nephelite  Rocks. 

IV.  Leucite  Rocks. 

Subdivisions  based  on  particular  kinds  of  lime-soda-feldspars 
employed  in  his  former  treatise  on  petrography  were  set  aside, 
since  the  microscope  showed  them  in  error.  Under  each  divi- 
sion of  rocks  the  phanerocrystalline  forms  were  first  described, 
and  then  the  older  porphyritic  varieties,  followed  by  the  corre- 
sponding volcanic  lavas  and  glasses. 

In  1873  also  appeared  the  first  volume  of  Rosenbusch's  Mikro- 
skopische  Physiographie  der  MineroLien  und  Gesteine,  namely,  that 
dealing  with  the  rock-making  minerals.  The  second  volume  treat- 
ing of  igneous  rocks  was  published  in  1877.  In  it  the  system  of 
classification  was: 

A.  Rocks  with  orthoclase  feldspar. 

B.  Rocks  with  orthoclase  and  nephelite  (or  leucite). 

C.  Rocks  with  plagioclase. 

D.  Rocks  with  plagioclase  and  nephelite  (or  leucite). 

E.  Rocks  with  nephelite. 

F.  Rocks  with  leucite. 

G.  Rocks  without  feldspar,  or  feldspathic  constituents;  that  is,  olivine- 
rocks. 

Rocks  belonging  to  A  were  subdivided  according  to  age,  then  according 
to  the  presence  or  absence  of  quartz,  and  then  according  to  texture;  thus: 

A.   Orthoclase  Rocks, 
(o)  Older. 

I.  With  quartz. 

(1)  Granular.     Family  of  granites. 

(2)  Porphyritic,     Family  of  quartz-porphyries. 

(3)  Glassy.     Family  of  felsite-pitchstones. 

II.  Without  quartz. 

(1)  Granular.     Family  of  syenites. 

(2)  Porphyritic.     Family  of  quartzless  porphyries. 

(3)  Glassy.     Apparently  wanting. 
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(6)  Younger. 

I.  With  quartz. 

(1)  and  (2)  Granular  or  porphyritic.    Family  of  liparites. 
(3)  Glassy.    Family  of  acid  glasses.    Obsidian,  trachytic   pitchstone, 
perlite,  pumice. 

II.  Without  quartz. 

(1)  and  (2)  Granular  and  porphyritic.    Family  of  trach3rte8. 
(3)  Glassy.    To  this  belong  a  part  of  (b)  I  (3). 
The  same  method  of  subdivision  was  applied  to  the  remaining  principal 
divisions. 

In  1879  the  first  microscopical  treatise  on  minerals  and  rocks 
in  France  was  published  by  Fouqu^  and  Michel-L6vy:  Mini- 
ralogie  micrographiqiie.  It  contains  a  brief  statement  of  their 
system  of  classifying  igneous  rocks,  which  is  based  on:  (1)  the 
mode  of  formation;  (2)  the  geological  age;  (3)  the  specific  mineral 
properties;  nature  of  the  minerals;  and  the  texture  of  the  rock. 
These  latter  criteria  are  applied  in  a  partial  and  arbitrary 
manner.  The  system,  while  still  employed  in  France,  has  not 
influenced  rock  classification  in  other  countries.  On  the  other 
hand,  optical  methods  for  the  microscopical  investigation  of 
minerals  have  been  highly  elaborated  by  the  French,  and  have 
come  into  general  use. 

The  works  of  Rosenbusch  and  Zirkel  have  become  text-books 
for  American  and  English  students  of  petrography  and  have 
exerted  great  influence  upon  the  course  of  development  of  the 
science.  In  England,  however,  the  principle  of  an  age  dis- 
tinction among  igneous  rocks  was  early  combated,  especially 
by  Allport;  it  being  generally  held  that  igneous  rocks  of  similar 
compositions  are  alike  when  solidified  under  similar  conditions 
regardless  of  the  age  at  which  they  may  have  been  erupted.  The 
same  position  was  early  taken  by  petrographers  in  America, 
having  been  advocated  by  J.  D.  Dana  long  before  this  time. 
The  petrographical  classification  adopted  by  Dana,  however, 
was  a  mineralogical  one,  which  did  not  accord  with  those  of 
modern  petrographers.  The  effect  of  microscopical  study  was 
to   emphasize   the   importance  of   mineralogical    and   textural 

ft 

characters  of  rocks  to  the  neglect  of  other  equally  important 
characteristics.  The  first  reaction  was  voiced  chiefly  by  Lossen, 
who  urged  the  significance  of  the  geological  relations  of  igneous 
rocks,  their  occurrence,  and  mode  of  formation.  The  second 
edition     of    Rosenbusch's     Mikroskopische    Physiographie,     in 
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1887,  shows  the  influence  of  Lossen's  ideas,  for  in  it  igneous 
rocks  are  divided  into  three  groups:  (1)  Deep-seated  rocks; 
(2)  Dike  rocks;  (3)  Effusive  rocks.  This  is  intended  to  express 
a  relationship  between  the  mode  of  occurrence  and  texture. 
But  the  relationship  is  so  imperfect  that  the  terms  selected  to 
designate  these  divisions  invited  immediate  criticism,  and  the 
method  of  treatment  actually  followed  in  the  work  was  accord- 
ing to  texture  and  not  strictly  according  to  geological  occur- 
rence as  indicated  by  the  terms  used.  The  principal  idea 
attached  to  the  group  of  so-called  dike  rocks  was  that  they  are 
products  of  differentiation  from  deep-seated  bodies  of  magmai 
a  conception  applicable  to  nearly  all  varieties  of  igneous  rocks, 
including  effusive  rocks.  The  first  two  divisions  were  not  sub- 
divided according  to  difference  of  age,  but  effusive  rocks  were  so 
divided,  into  paleovolcanic  and  neovolcanic  rocks.  The  miner- 
alogical  divisions  were  essentially  the  same  as  in  the  first  edition, 
except  that  alkali-feldspars  appear  in  place  of  orthoclase.  A 
third  edition,  in  1896,  further  emphasizes  Rosenbusch's  views 
on  magmatic  differentiation,  but  does  not  present  any  funda- 
mental changes  in  the  system  of  classification.  In  this  work 
no  use  is  made  of  the  specific  chemical  composition  of  the  rocks. 
But  in  a  smaller  treatise  of  a  more  general  character.  Die  Ele- 
mente  der  Gesteindehre,  published  in  1898,  chemical  analyses  of 
rocks  are  given  a  prominent  place. 

A  second  edition  of  ZirkePs  Lehrhuch  der  Petrographie,  in 
1893-94,  consists  of  three  volumes,  one  on  general  principles  and 
the  characteristics  of  rock  minerals,  one  on  igneous  rocks,  and 
one  on  metamorphic  and  sedimentary  rocks.  Igneous  rocks 
are  classified  by:  (1)  mineral  composition;  (2)  texture;  (3)  age. 
The  mineralogical  divisions  are  essentially  the  same  as  those 
in  the  first  edition,  except  that  alkali-feldspars  replace  ortho- 
clase. And  it  is  to  be  noted  that  an  age  distinction  is  applied 
only  to  porphyritic,  aphanitic  and  glassy  rocks.  The  chemical 
composition  of  rocks  is  recognized  by  the  introduction  of  chem- 
ical analyses  of  a  limited  number  of  rocks  of  various  kinds. 

The  foregoing  may  be  considered  as  an  introduction  to  what 
may  be  called  the  Qualitative  Mineralogical  System  of  Classifi- 
cation of  igneous  rocks,  the  two  best  expositions  of  which  are  to 
be  found  in  the  text-books  of  Rosenbusch  and  Zirkel. 


CHAPTER  II 

QUALITATIVE    MINERALOGICAL    SYSTEM    OF    CLASSIFICATION 

OF  IGNEOUS  ROCKS 

It  is  proposed  in  the  following  statement  to  give  the  defi-. 
nitions  of  various  kinds  of  igneous  rocks  essentially  as  they  may 
be  found  in  the  works  of  Rosenbusch  and  of  Zirkel,  without 
attempting  to  present  either  system  of  classification  distinctly 
as  such.  That  is,  the  definitions  will  be  given  in  terms  of  their 
mineral  composition  and  texture,  without  any  expression  of 
views  as  to  the  possible  genetic  relations  of  the  rocks  to  one 
another.  Such  definitions  are  very  nearly  the  same  in  both 
works  cited,  but  the  arrangement  is  different  in  the  two  cases. 
In  Rosenbusch's  system  texture  is  placed  before  composition; 
in  ZirkePs,  composition  is  the  basis  of  classification.  For  spe- 
cific information  as  to  the  details  of  each  method  the  student 
is  referred  to  the  writings  of  these  petrologists  cited  in  the  pre- 
vious chapter.  Comment  and  criticism  of  the  Qualitative 
System  will  be  found  as  an  introduction  to  the  statement  of 
the  Quantitative  System  in  the  succeeding  chapter. 

Confusion  in  the  statement  of  any  complex  system  involving 
numerous  variable  factors  arises  from  the  difficulty  of  present- 
ing it  properly  either  verbally,  which  is  necessarily  a  linear 
expression,  or  by  a  tabular  or  diagrammatic  arrangement, 
which  is  commonly  one  with  two  coordinate  axes  of  reference. 
The  number  of  mineral  components  and  the  textural  variations 
are  so  many  that  no  single  table  can  express  in  detail  any 
classification  of  igneous  rocks. 

The  mineralogical-textural  definitions  about  to  be  given 
are  arranged  in  groups  on  a  basis  of  mineral*  composition 
expressed  in  terms  of  the  principal  components,  and  are  sub- 
divided to  a  slight  extent  on  a  further  distinction  of  texture. 
The  method  of  arrangement  will  appear  from  the  accompany- 
ing table,  in  which  the  distinctions  between  different  divisions 
are  in  some  instances  more  specific  than  those  in  general  use; 

347 


— r — 

Rocks 
Chiefly 
Quartz. 


s 

CO 

a 

H 

<< 


s 

a. 

s 

H 


-< 
fed 

i 

O 


S 


< 


< 

Q 

O 

• 


s 

I 


11^ 

»  d 


.  a 


I 


«a 


:3 


ab 


e9  6 


.  a 


c  c  « 


c^ 


^  g 
5  § 


eo 


£. 


quarte-pec- 
inatltet(lii 


II. 

Rocks  Characterized  by 
Quartz  and  Feldspar. 


Oranitat,  apUte,  pocnuittte, 
alsteelilte,  aUiklte,  quurti- 
llndoite,  ekorlte.  rookalUte, 
ohunoklto,  npaklwl,  granite- 
porpbyrj* 


a.  Rhyolites,  liparite,  tordril- 
lite,  pantelierite,  c]uartz- 
pantellerite,  comendite,  da- 
cite  (in  part),  nevadite,  etc. 

/?.  Quartz-porphyry,  gronidiie, 
qiiartz-tinguaitef  paisanite, 
ailsyte,  quartz-keraUypkyre, 
quartg-porphyrite  aacite- 
porphyry  in  part,  fdsite  {in 
part),  granophyre,  etc. 


Quarti-monionlta,  graniMUo- 
rlte,  quarta-diorlto  (In  part), 
tonaUte,  adamalllte,  twnatlta 

(In  part). 


a,  Dellenite,    dacite    (in    part), 
volcanite, 


fi.  DeUenite-porphyryjdacite-por- 
phyry,  quartz-porphyrite . 


Quarti-dlorita  (In  part). 


a.  Dacite  (in  part) 



• 

III. 

Rocks  (Characterized  rt  Feldspak. 


Sjenltat,  aplita,  pegmatite,  leetli 
ite.  Undolte,  bedmmlte,  nordmaxlc- 
Ite.  pulaaklte,  umpteklte,  l&mrl- 
klte,   alUtlte,    toniberglte,   akerlte 

(In  part). 


a.  Trachytes,  domite- 


fi.  Orthophyrej  keratophyre  (in  part), 
eolvsbergite,  boatonite,  numaite, 
rhombenporphyry  {in  part),  fdsite 
{in  part). 


Bhonklnlte  (In  part),  maUgnlte    (In 

part). 


a.  Mica-trachyte- 


fi.  Syenitie  lamprophyret,  minette,  roge- 
site. 


Monionlte,  auglte-eynenlte  (In 
akerlte  (In  part),  dtorlte  (In 
omolte,  gablvo  (In  part), 
(In  part),  malohlte  (In 
luellte. 


). 


). 


^. 


Latite,  xTilsinite,  ciminite,  trachy- 
andesite,  trachydoleritcT,  banakite, 
shoshonite,  monhaldeite,  andesite. 
aleutite,  verite,  sanukite,  mijakite. 
basalt  (in  part). 

Gauteite,  andesite-porphyry,  porphy- 
rite,  tceiselberffite,  propyliie. 


KentaUenlte,  ollYlne-monionlte,  dur^ 
baohlte,  vaugnerlte. 


a.  Absarokite  

p.  Keraantite,  speasartite,  camptonite  {in 
part) .  


Anorthoglte,  kyaclitymlte, 
kite,  gablnro,  bjperlte,  nortte,  troc- 
tollte,  euorlte,  eeiezlte  (In  part), 
beertMLohlte,    dolerlte,    dlabaae    (In 

part). 


a.  Basalt  (in  part),  tachylyte. 

$.  Mdaphyre,   diabase  {in  part),  pro- 


terofxise,  ophite^  variolite. 


Oabbro  (in  part).  aUlvaUte,  harrlslte. 


a.  Basalt  (in  part) 

j9.  Diabase  {in  pari),  odinite 


Perldotltet,  wehrUte,  eulytlte,  taan- 
burglte,  laxonlte,  Ihenollte,  plertte. 
oorUandtlte,  leyeUte,  Idmberllte, 
dunlte,  pjToxenlte,  dlallaglte,  etc, 
webtterlte,  arieglte,  homblendlte, 
magnetite  -  ollTenlte,  tltanltaroui 
magnetite  rock.    


a.  Limburgite,  augitite 

3.   Picrite-porphitry  {in  part) 


\ 


IV. 

Rocks  Characterized  bt 
Feldspar  and  Feldspathoids. 


N«pli0ttte-(el6Ottte)-«7«nlte»Uteb- 
flaldlte,  mailupoUte,  dltrolte, 
mlMolte.  lodaUto-iyonlte, 
oanortnlte-tyonlte,  toyiU, 
UurdAlito,  lujmurlte,  pMUdo- 
leuette-fyenlte,  boroluilte. 


a.  Phonolite,  apachite,  leucite- 
phonolite,  leucitophyre. 


/?.  TinguaiUf      leueiie-4inguaxte, 
nephdU&-rhombenporphyry. 


NeplMUte-mmllciilte,  itwmlrinlte 

(In  part). ^^__ 


a.  Orendite,  wyomingite 


fi.  CampUmite  (in  part),  monehi- 
quxte  {in  part). 


TUflnOito.  aitcslte  (In  part) 


a.  Tephrite,        leucite-tephrite, 
kulaite. 


TheraUte  (in  part) 


a 

fi.  Fanrisite 


Taaelianlte 


a»  Basanite,  leucite-basanite 


a.  Basanites  (in  part) 


V.  1^ 

Rocks  Characterized  bt 
Feldspathoids  . 


mrttte,  miiMzite.  lodaUte-rook, 
tawlt0. 


IjoUte,  nepbisllnlte  (In  part), 
mlnourite,  Jaeupiranglte. 


a.  Nephelinite  (in  part),  haiiy- 
noph}rre,  noseanite,  nephe- 
lite-basalt,  leucitite,  leucite- 
basalt,  madupite,  melilite- 
basalt,  venanzite,  euktolite. 

fi.  Monehiquiie^  fourchite,  ouor 
chitite,  alnoite. 


a 


B  o 

^^  »  2 

n 


S- 


B 
I 


P 
P 


a     to 


a  n 


b  9  S 

3  3 


3  • 
O  O 


7>M 

b| 


a 


CO 

g  <^ 

CO  2. 
P=» 

Si 

g.? 


r 


I 

o 


o 

QD 

> 


350  QUALITATIVE  MINERALOGICAL  SYSTEM 

from  which  it  follows  that  the  names  of  some  varieties  of  rock 
occur  in  more  than  one  division  in  the  table.  This  is  chiefly 
due  to  the  distinctions  recognized  among  the  lime-soda-feld- 
spars, those  preponderantly  sodic  being  separated  from  those 
preponderantly  calcic.  The  divisions  expressed  in  the  table 
are  as  follows:  Five  major  divisions  in  vertical  columns,  based  on 
the  dominance  of  I,  quartz;  II,  quartz  and  feldspar;  III,  feld- 
spar; IV,  feldspar  and  feldspathoid,  nephelite,  leucite,  sodalite; 
V,  feldspathoid.  Then  divisions,  in  horizontal  lines,  based  on 
the  general  character  of  the  preponderant  feldspathic  con- 
stituents: A,  alkaUc;  B,  calci-alkalic,  that  is,  preponderantly 
alkalic;  C,  soda-calcic,  preponderantly  calcic;  D,  without 
feldspars  or  feldspathoids.  Further  divisions,  in  horizontal 
lines,  of  each  of  these  divisions  are  based  (1)  on  the  small 
amount  of  ferromagnesian  minerals  present  in  the  rock;  (2)  on 
the  abundance  of  ferromagnesian  minerals.  A  distinction  with 
respect  to  texture  separates  the  (a)  phanerocrystalline  rocks 
from  (6)  aphanitic  ones,  the  latter  being  divided  into 
(a)  those  with  cenotypal  habit,  and  (/?)  those  with  paleotypal 
habit. 

Further  divisions  on  a  basis  of  the  kinds  of  ferromagnesian 
mineral  or  other  minerals,  or  of  specific  textures,  will  appear 
in  the  description  of  each  group  of  rocks. 

I.  ROCKS  CHIEFLY  QUARTZ 

With  very  subordinate  amounts  of  feldspar  and  little  or  no 
ferromagnesian  minerals. 

Ai.  Quartz-Pegmatite 

(a)  Phanerocrystalline  Texture.  Quartz  Veins  and  Quartz- 
Pegmatites,  in  part.  —  Rocks  of  this  kind  belong  almost  wholly 
to  I,  A.  1.  The  feldspar  is  alkalic,  orthoclase  or  albite;  muscovite 
may  be  present,  and  very  small  amounts  of  rare  minerals. 
The  texture  is  phanerocrystalline,  evenly  granular  to  inequi- 
granular,  and  sometimes  porphyritic  to  graphic  in  varieties 
with  more  feldspar.  With  increasing  amounts  of  feldspar  there 
is  a  transition  into  granite-pegmatite,  of  which  intrusive  quartz- 
veins  are  extreme  mineral  facies  or  differentiations.  No  aphanitic 
or  porphyry-like  equivalents  of  these  rocks  are  known. 


GRANITE  AND  RHYOLITE  351 

n.  CHARACTERIZED  BY  QUARTZ  AND  FELDSPAR 

Oftener  with  preponderant  feldspars,  which  are  in  most  cases, 
A,  chiefly  alkalic,  furnishing  the  granite-rhyolite  group  of 
rocks;  less  often,  B,  chiefly  calci-alkalic  feldspars,  characteriz- 
ing the  granodiorite  (quart z-monzonite)  -dellenite  group;  rarely, 
C,  chiefly  soda-calcic  feldspars,  yielding  quartz-diorite-dacite 
rocks,  in  part.  In  each  of  these  groups  the  ferromagnesian 
constituents  are  subordinate  in  amount. 

Ai.  Granite  and  Rhyolite. 

Chiefly  quartz  and  alkali-feldspars,  which  may  be  orthoclase, 
microcline,  albite,  microperthite,  soda-microcline  (anorthoclase). 
With  these  may  be  associated,  in  subordinate  amounts,  oligoclase, 
andesine;  rarely  more  sodic  varieties  of  labradorite;  also  mica, 
amphibole  and  pyroxene,  with  still  smaller  amounts  of  numerous 
other  minerals,  especially  in  the  phanerocrystalline  forms  of  these 
rocks.  Rocks  of  this  group  are  in  some  instances  strongly 
potassic,  when  the  feldspar  is  chiefly  orthoclase  or  microcline; 
or  they  may  be  strongly  sodic,  having  albite  or  soda-microcline 
as  the  preponderant  feldspars;  others  may  be  intermediate 
between  these  extremes,  with  nearly  equal  amounts  of  ortho- 
clase and  albite,  or  with  microperthite  or  soda-orthoclase  as 
the  chief  feldspars.  The  highly  sodic  varieties  usually  con- 
tain sodic  amphiboles  or  sodic  pyroxenes  instead  of  common 
hornblende,  or  diopside,  augite,  or  orthorhombic  pyroxenes, 
(a)  Phanerocrystalline  Texture,  sometimes  porphyritic.  — 
Granite.  —  Alkali-granites  when  there  are  few  calcium- 
bearing  minerals;  calci-alkalic-granites  when  these  minerals 
are  relatively  abundant.  According  to  the  kinds  of  feldspathic 
minerals  that  preponderate,  and  the  nature  of  the  characteristic 
subordinate  minerals,  there  have  been  recognized  the  following 
varieties  of  granite. 

Alksdi-granites 

Chiefly  quartz  and  alkali-feldspars,  with  little  or  no  lime-soda- 
feldspar. 

Aplite  *  (granitic).  —  With  almost  no  muscovite  or  other  sub- 
ordinate mineral. 

Alsbachite.^  —  Porphyritic  granitic  aplite  with  phenocrysts  of 
quartz  and  orthoclase.     Sometimes  with  garnet. 

»  Ret£.  '  Chelius,  1892. 
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QuARTz-UNDOiTE.*  —  A  lindoite  (p.  362)  with  notable  amount 
of  quartz;  closely  related  to  syenitic  aplite. 

Alaskite.'  —  Quartz  and  alkali-feldspars,  without  mica  or 
other  constituents. 

Granite  pegmatite.  —  With  muscovite,  and  frequently  with 
rare  minerals,  and  sometimes  corundum. 

Muscovite-granite  (in  part).  —  With  muscovite. 

Riebeckitekjranite.  —  With  riebeckite  as  the  characteristic 
subordinate  mineral. 

Ekerite.'  —  With  arfvedsonite  or  segirite  and  a  little  biotite. 

RocKALLiTE.*  —  Quartz,  albite,  segirite-acmite,  in  nearly  equal 
proportions. 

CsLlci-aJkaUc-granites 

Chiefly  quartz  and  alkali-feldspars  with  considerable  lime- 
soda-feldspars  and  subordinate  amounts  of  other  minerals. 

Muscovite-granite  (in  part).  —  Characterized  by  muscovite. 

MuscoviTE-BiOTiTE-GRANiTE.  —  Called  "granite  proper"  by 
Rosenbusch,  or  granite  in  the  narrower  sense. 

BlOTITE-GRANITE  Or  GRANITITE.* Without  mUSCOVite. 

HoRNBLENDE-BiOTiTE-GRANiTE.  —  Hornblende-granititc,  ra- 
PAKiwi  of  Finland. 

Hornblende-granite.  —  Without  biotite. 

Pyroxene-granite. —  With  little  or  no  hornblende,  or  biotite. 
The  pyroxene  may  be  diopside;  possibly  augite  in  some  instances; 
also  enstatite  or  hypersthene  in  others.  Charngkite*  is  hyper- 
sthene-granite. 

Numerous  transitions  exist  between  varieties  of  granite  contain- 
ing biotite,  hornblende,  and  pyroxene.  Other  minerals  occurring 
in  small  amounts  in  these  rocks  are  titanite,  apatite,  magnetite, 
hematite,  ilmenite,  zircon,  garnet,  tourmaline,  and  others  less 
frequently. 

The  texture  is  holocrystalline  and  phanerocrystalline;  the  fabric 
is  chiefly  granular;  equigranular  in  some  instances;  inequigran- 
ular  and  seriate  in  others;  hiatal  and  porphyritic  in  still  others. 
Coarse-grained  granites  with  porphyritic  fabric  are  commonly 
called  porphyritic  granite.  When  they  are  medium  to  fine- 
grained they  are  called  granite-porphyry.      But  this  name 

»  Brogger,  1894.  '  Spurr,  1900.  »  Brfigger,  1906. 

*  Judd,  1897.  •  Rose,  1857.  «  Holland,  1900 
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is  sometimes  applied  to  aphanitic  porphyries  having  the  same  com- 
position as  the  phanerocrystalline  ones.  Graphic  fabric  is  com- 
mon, especially  in  pegmatite,  graphic  granite,  in  which  quartz 
and  alkali-feldspars  are  intergrown.  Miarolitic  texture,  charac- 
terized by  numerous  minute  cavities,  is  sometimes  present. 
Streaked  or  banded  texture  is  occasionally  developed  pyro- 
genetically,  sometimes  as  schlieren,  sometimes  through  shear- 
ing and  metamorphism.     Orbicular  texture  occurs  rarely. 

Transitions  of  granite  into  other  kinds  of  rocks  take  place  with 
increase  or  decrease  in  certain  mineral  constituents.  Thus  with 
decrease  in  quartz  there  is  a  gradation  to  syenite;  with  decrease 
of  feldspars  a  gradation  to  quartz  veins;  with  increase  of  lime- 
soda-feldspar  there  is  a  transition  to  granodiorite;  with  increase 
of  lime-soda-feldspar  and  decrease  in  quartz  a  transition  to 
monzonite,  diorite,  and  gabbro.  These  are  accompanied  by  cor- 
responding changes  in  the  ferromagnesian  minerals. 

(6)  Aphanitic  Texture,  often  porphyritic.  Rhyoute*  (liparite) 
and  QUARTZ-PORPHYRY  and  the  corresponding  glassy  rocks.  — 
The  composition  is  recognized  when  the  rocks  are  porphyritic 
by  the  presence  of  phenocrysts  of  quartz  and  alkali-feldspars, 
rarely  those  of  lime-soda-feldspar,  with  very  few  of  ferromagne- 
sian minerals,  oftenest  biotite,  in  a  groundmass,  which  is  com- 
posed of  microscopic  crystals  of  quartz  and  alkali-feldspars,  or 
is  glass  having  the  chemical  composition  of  a  mixture  of  these 
minerals.  The  groundmass  is  thereford  lithoidal  in  some  cases, 
and  then  generally  light  colored;  or  glassy  in  others,  and  often 
dark  colored  to  black,  sometimes  gray  to  white. 

Aphanitic  rocks  have  received  in  many  instances  two  sets 
of  names  for  mineralogically  and  chemically  equivalent  vari- 
eties, one"  set  being  applied  in  most  cases  to  older  rocks  that 
have  undergone  some  alteration  so  that  the  feldspars  have 
become  dull  and  lusterless.  In  other  cases,  however,  the  more 
crystalline  and  more  compact  aphanitic  rocks  have  been  given 
the  same  names  as  the  older  ones.  Rocks  with  the  appearance 
or  habit  of  older  ones  have  a  paleotypal  habit;  those  resembling 
recent  lavas  have  a  cenotypal  habit,  according  to  Brogger.^  In 
this  group  of  rocks  the  first  have  been  called  quartz-porphyries, 

*  BrOgger,  W.  C.  Die  Eruptivgesteine  des  Kristianiagebietes,  I,  p.  87, 
Ohristiania,  1894. 
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the  latter  rhyoltte  (liparite).  Varieties  have  been  distinguished 
in  some  cases  on  a  basis  of  their  composition ,  in  others  on  that 
of  their  texture.  Owing  to  the  common  custom  of  laying  more 
stress  on  the  character  of  the  phenocrysts  than  on  that  of  the 
groundmass  in  many  porphyritic  aphanitic  rocks  the  correla- 
tion of  aphanitic  and  phanerocrystalline  rocks  is  not  always  in 
accord  with  their  actual  composition,  since  one  group  is  classi- 
fied and  defined  in  terms  of  all  its  mineral  components,  while 
the  other  is  treated  in  terms  of  only  a  part  of  them,  and  some- 
times the  quantitatively  subordinate  part.  Thus  it  happens 
that  porphyritic  aphanitic  rocks  composed  of  quartz,  and 
alkali-feldspars  with  subordinate  amount  of  lime-soda-feldspar, 
which  correspond  to  some  calci-alkalic-granites,  are  not  grouped 
with  the  aphanitic  forms  of  the  quartz-alkali-feldspar  rocks, 
because  the  lime-soda-feldspars  often  appear  relatively  more 
abundant  as  phenocrysts  than  the  alkali-feldspars,  which  are 
chiefly  in  the  groundmass.  They  are  commonly  grouped  with 
phanerocrystalline  rocks  of  II,  B,  1  —  granodiorites.  They 
properly  belong  w^ith  the  granites.  The  following  names  have 
been ,  given  to  aphanitic,  or  glassy,  quartz-alkali-feldspathic 
rocks: 

a  CenotjrpaJ  Habit 

Rhyolite.*  —  A  general  name  for  rocks  of  this  division, 
chiefly  quartz  and  alkali-feldspars,  with  little  or  no  lime-soda- 
feldspar  and  very  small  amounts  of  mica  (biotite),  pyroxene, 
or  hornblende;  having  various  degrees  of  crystallinity,  from 
holocrystalline  to  perhyaline,  and  possessing  various  kinds  of 
fabric.  When  porphyritic,  the  phenocrysts  are  commonly 
quartz  and  sanidine,  or  soda-orthoclase,  less  often  albite,  besides 
fewer  micas,  pyroxenes,  or  hornblendes. 

Liparite.^  —  A  synonym  of  rhyolite.  These  rocks  were  at 
one  time  called  quartz-trachyte. 

ToRDRiLLiTE.'  —  Rhyolite  composed  almost  wholly  of  quartz 
and  alkali-feldspars,  without  ferromagnesian  components. 

Pantellerite.*  —  Chiefly  quartz,  soda-microcline  (anor- 
thoclase),  segirite-augite,  together  with  diopside  and  cossyrite. 
Porphyritic,  with  a  lithoidal  to  glassy  groundmass.     Quartz  is 

»  von  Richthofen,  1860.    ^  Roth,  1861.    '  Spmr,  1900.     *  Fdrstner,  1881. 
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not  abundant  as  phenocrysts.  When  in  notable  amount  the 
rock  has  been  called  quartz-pantellerite. 

CoMENDiTE.^  —  Chiefly  quartz,  alkali-feldspar,  with  segirite, 
arfvedsonite  or  riebeckite,  biotite,  and  brown  hornblende. 
Porphyritic,  with  lithoidal  groundmass. 

Dacite'  (in  part).  — Chiefly  quartz,  alkali-feldspars  and  sub- 
ordinate lime-soda-feldspar,  with  mica,  pyroxene,  and  horn- 
blende.    Porphyritic,  with  lithoidal  or  glassy  groundmass. 

The  following  terms,  based  on  texture,  have  been  applied  to 
rhyolites  in  whole  or  in  part: 

LiTHOiDiTE.'  —  A  rhyolite  having  a  lithoidal  or  "stony" 
groundmass;  that  is,  aphanitic  and  dull,  not  vitreous;  porphyritic 
or  not. 

Hyalorhyoute.  —  One  having  a  glassy  groundmass;  por- 
phyritic or  not. 

Nevadite.*  —  A  rhyolite  in  which  the  phenocrysts  are  so 
abundant  that  they  equal  or  exceed  in  amount  the  ground- 
mass.     Sempatic  to  dosemic. 

Perlite  (rhyolitic).  —  With  glassy  groundmass  having  per- 
litic  structure.     Porphyritic  or  not. 

Obsidian  (rhyolitic).  —  With  dense  glassy  groundmass  hav- 
ing conchoidal  fracture.     It  may  or  may  not  be  porphyritic. 

Pumice  (rhyolitic).  —  With  highly  vesicular,  pumiceous  struc- 
ture.    Porphyritic  or  not. 

P  Paleotyptd  Habit 

Quartz-porphyry. — The  equivalent  of  rhyolite  or  liparite, 
usually  denser. 

Grorudite*  —  QUARTZ-TiNGUAiTE.  —  Chiefly  quartz,  alkali- 
feldspar,  with  segirite.  Porphyritic,  with  dense,  lithoidal 
groundmass;  phenocrysts:  feldspar,  segirite,  and  rarely  quartz. 
Analogous  to  pantellerite. 

Paisanite"  —  AiLSYTE.^  —  Chiefly  quartz,  soda-orthoclase, 
with  some  arfvedsonite-riebeckite.  Porphyritic,  with  few,  small 
phenocrysts  of  feldspar  and  quartz;  groundmass  dense,  com- 
pact to  very  fine-grained  phanerocrystalline;  analogous  to 
comendite. 

^  Bertolio,  1895.    '  von  Hauer  and  Stache,  1863.     '  von  Richthofen,  1860. 
*  Idem.,  1868.    *  Brdgger,  1894.    •  Osann,  1893.    ^  Heddle,  1897. 
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QuARTZ-KERATOPHYRE. — Chiefly  quartz,  albite,  sometimes 
with  microperthite,  soda-microcline,  or  oligoclase-albite,  and  a 
little  biotite.  Porphyritic,  with  dense  lithoidal  groundmass, 
rarely  very  fine-grained  phanerocrystalline. 

Keratophyre^  (in  part).  —  Some  rocks  without  phenocrysts 
of  quartz  that  have  been  called  keratophyre  belong  here  because 
of  the  quartz  in  the  groundmass. 

Quartz-bostonite  (in  part).  —  Chiefly  alkali-feldspars  with 
quartz  and  almost  no  other  minerals.  Dense,  lithoidal,  in  some 
instances  slightly  porphyritic  and  then  called  quartz-bostonite- 
porphyry.  These  rocks  are  sometimes  phanerocrystalline  and 
fine  grained. 

QUARTZ-PORPHYRITE  —  DACITE-PORPHYRY  —  in     part.   —  The 

more  alkalic  porphyries,  composed  chiefly  of  quartz  and  alkali- 
feldspar,  with  some  lime-soda-feldspar;  paleotypal  equivalents 
of  the  more  alkalic  dacites. 

The  following  terms  based  on  texture  have  been  applied  to 
paleotypal  rocks  of  this  division  in  whole  or  in  part: 

Felsite'  (in  part).  —  Non-porphyritic  lithoidal  rock,  chiefly 
quartz  and  alkali-feldspar. 

Felsite-porphyry.  —  The  same  rock  when  porphyritic. 

Felsophyre.'  —  The  same  when  the  groundmass  is  micro- 
cryptocrystalline  or  microfelsitic. 

Granophyre.'  —  Quartz-porphyry  with  lithoidal  groundmass 
that  is  microgranular.  This  has  been  called  microgranite  by 
Rosenbusch,  and  the  term  granophyre  has  been  used  by  him 
for  a  porphyry  of  this  kind  with  micrographic  fabric. 

Vitrophyre'  (in  part).  —  Quartz-porphyry  with  glassy 
groundmass. 

PiTCHSTONE  (in  part).  —  Glassy  rock  of  this  composition 
having  paleotypal  habit,  that  is,  a  dull  or  resinous  luster; 
porphyritic  or  not. 

The  texture  of  these  rocks  when  studied  microscopically  is 
highly  varied  both  as  to  crystallinity,  from  holocrystalline  to 
glassy,  and  as  to  granularity,  from  almost  phanerocrystalline 
to  microcryptocrystalline.  The  fabric  may  be  equigranular, 
inequigranular,  seriate  or  hyatal;  often  porphyritic.  It  may  be 
micrographic,  less   often  micropoikilitic.     Spherulitic  or  radial 

»  Gumbel,  1874.    '  Gerhard.    *  Vogelsang,  1867. 
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fabric  is  common.  Glasses  are  microlitic,  often  with  pronounced 
flow-texture  or  lamination,  and  frequently  exhibit  eutaxitic 
or  pyroclastic  texture,  or  that  of  welded  breccia  or  col- 
lapsed pumice. 

Transitions  of  aphanitic  rocks  of  this  group  into  those  of 
closely  related  groups  are  common.  With  decrease  in  quartz 
they  grade  into  trachyte,  tinguaite,  and  keratbphyre.  With 
increase  in  lime-soda-feldspar  they  pass  into  dellenite,  toscanite, 
and  dacite.  With  decrease  in  quartz  and  increase  in  lime-soda- 
feldspar  they  grade  into  latite,  vulsinite,  ciminite,  and  andesite, 
and  into  corresponding  paleotypal  forms.  There  are  no  rocks 
of  group  II,  A,  which  contain  much  ferromagnesian  minerals 
and  would  form  a  division,  II,  A,  2. 


B  I.    grahodiorite  and  dellenite,  quartz-diortte 

AND   DACITE 

Characterized  by  quartz  and  calci-alkalic  feldspar,  with  sub- 
ordinate amounts  of  biotite,  hornblende,  and  pyroxene,  with 
still  smaller  amounts  of  the  iron  oxides,  titanite,  garnet,  apatite, 
and  other  minerals.  The  expression  calci-alkalic  feldspars  may 
be  made  to  mean  potash-feldspars  and  soda-calcic  feldspars,  or 
feldspars  that  are  intermediate  between  alkali-feldspars  and 
soda-calcic  feldspars.  Thus  it  may  be  applied  to  combinations 
of  potash-feldspar  (orthoclase,  microcline)  with  soda-lime  feld- 
spars, andesine-labradorite  or  labradorite  in  nearly  equal  pro- 
portions, or  it  may  apply  to  lime-soda-feldspars  having  the 
composition  of  andesine  (AbgAn^  —  AbiAuj).  This  is  intro- 
ducing a  distinction  not  always  employed  in  the  definition  of 
igneous  rocks,  since  it  recognizes  a  notably  potassic  group  as 
contrasted  with  a  strongly  sodic  group. 

(a)  Phanerocrystalline      Texture,      sometimes      porphyritic. 

QUARTZ-MONZONITE,     GRANODIORITE,    QUARTZ-DIORITE    (in    part). 

—  According  to  the  Idnds  of  feldspars  and  ferromagnesian  min- 
erafs  the  following  varieties  have  been  distinguished : 

QuARTz-MONzoNiTE. — Chiefly  quartz,  lime-soda-feldspar  (ande- 
sine, labradorite)  with  considerable  potash-feldspar  (orthoclase) ; 
with  these  may  be  biotite,  hornblende,  or  pyroxene.  Often 
classed  as  granite.  • 
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Granodiorite.^  —  Nearly  the  same  as  quartz-mozonite,  but 
with  somewhat  less  potash-feldspar,  intermediate  in  compo- 
sition between  quartz-monzonite  and  quartz-diorite. 

QuARTz-DioRiTE  (in  part).  —  Chiefly  quartz  and  lime-soda- 
feldspars,  having  an  average  composition  of  andesine.  With  these 
may  be  associated  a  small  amount  of  orthoclase  and  one  or  more 
ferromagnesian  minerals,  giving  the  following  varieties: 

QuARTz-MiCA-DioRiTE.  —  With  biotite  as  the  chief  ferro- 
magnesian mineral. 

QUARTZ-MICA-HORNBLENDE-DIORITE.  —  TONALITE    is    a  Variety 

with  andesine  as  the  preponderant  feldspar. 

QUARTZ-HORNBLENDE-DIORITE.  —  Commonly  Called  QUARTZ- 
DIORITE. 

QUARTZ-MICA-HTPERSTHENE-DIORITE        and        QUARTZ-AUGITE- 

diorite;  usually  accompanied  by  hornblende.  Andendiorite 
and  banatite  (in  part)  belong  in  this  variety  of  quartz- 
diorites. 

Adamelltte.'  —  A  quartz-diorite  of  variable  composition. 
In  part  it  may  be  considered  a  variety  of  tonalite,  with  musco- 
vite  and  biotite.  In  part  it  grades  into  facies  with  ortho- 
rhombic  pyroxene,  yielding  hypersthene-granite  and  norite. 
According  to  Brogger  adamellite  is  equivalent  to  quartz-mon- 
zonite. 

Transitions  exist  between  the  varieties  mentioned.  They 
contain  slightly  more  ferromagnesian  minerals  than  rocks  of 
division  II,  A,  but  always  subordinate  amounts.  There  are  no 
rocks  of  division  II,  B,  with  preponderant  ferromagnesian  min- 
erals. Varieties  low  in  these  minerals  constitute  pegmatitic  or 
aplitic  modifications  of  these  rocks,  corresponding  to  pegmatites 
and  aplites  of  granite. 

The  textures  are  very  similar  to  those  in  granites;  non- 
porphyritic  and  porphyritic  forms  occur.  When  the  porphyritic 
rocks  are  medium  to  fine  grained  they  are  called  quartz-diorite- 
PORPHYRY.'  Special  characteristics  of  the  fabrics  of  some  of  these 
rocks  will  be  described  in  Volume  II. 

Transitions  to  granite  occur  with  increase  of  alkali-feldspars. 

>  Becker  and  Lindgren,  1891.  '  Cathrein,  1890. 

'  When  the  characteristic  feldspars  are  lime-soda-feldspars  it  is  custom- 
ary ^th  many  petrocraphers  to  use  the  term  porphyxJAe  instead  of  porphyry ^ 
but  this  seems  inadvisable,  and  will  not  be  followed  in  this  book. 
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When  quartz  decreases  there  is  gradation  to  monzonite  and 
diorite,  and  when  this  is  accompanied  by  increase  in  the  calcic 
character  of  the  feldspars  and  in  the  amount  of  pyroxene  the 
rocks  pass  into  gabbro. 

(6)  Aphanitic  Tezturei  often  porphyritic.  Dellenite  and 
DACITE  (in  part)  and  dacite-porphyry  (quartz-porphyrite) 
(in  part)  and  the  corresponding  glassy  rocks.  —  When  porphy- 
ritic the  phenocrysts  are  chiefly  lime-soda-feldspar,  quartz,  and 
sometimes  potash-feldspar,  with  one  or  more  of  the  minerals 
biotite,  hornblende,  and  pyroxene.  The  groundmass  consists 
chiefly  of  feldspars,  which  are  commonly  more  alkalic  than  the 
iime-soda-feldspar  phenocrysts,  and  with  more  potash-feldspar 
than  appears  as  phenocrysts,  besides  quartz  and  some  ferromag- 
nesian  minerals,  with  magnetite,  apatite,  etc.  Or  the  groundmass 
may  be  more  or  less  glassy  when  the  chemical  composition 
of  the  whole  rock  corresponds  to  that  of  holocrystalline  varieties. 
For  the  reasons  already  stated  in  connection  with  the  porphy- 
ritic aphanitic  rocks  of  division  II,  A  1,  (6)  the  presence  of 
notable  amounts  of  potash-feldspar  may  not  be  shown  by  the 
phenocrysts,  since  it  may  remain  in  the  groundmass.  This  is 
true  also  of  the  quartz,  there  being  relatively  more  quartz 
present  in  the  rock  in  most  cases  than  is  indicated  by  the 
amount  of  quartz  phenocrysts.     The  varieties  are: 

a.  Cenotjrpal  Habit 

Dellenite.*  —  Chiefly  quartz  and  lime-soda-feldspar,  with 
notable  amounts  of  potash-feldspar  and  subordinate  ferro- 
magnesian  minerals.  The  aphanitic  or  glassy  equivalent  of 
quartz-monzonite.  When  porphyritic,  the  phenocrysts  of  lime- 
soda-feldspar  are  often  accompanied  by  those  of  potash-feldspar, 
sanidine,  besides  quartz,  and  ferromagnesian  minerals.  They 
are  what  might  have  been  called  quartz-trachy-andesites. 

Dacite  (in  part).  —  Chiefly  quartz  and  lime-soda-feldspar, 
with  little  or  no  potash-feldspar,  subordinate  amounts  of  biotite, 
hornblende,  or  pyroxene,  yielding  the  following  varieties: 

Biotite-dacite,  biotite-hornblende-dacite,  biotitb-horn- 
BLENDE-PYROXENE-DACiTE,  Corresponding  varieties  without 
biotite  and  so  on.     These  rocks  are  sometimes  called  quartz- 

>  Br6gger,  1895. 


360  QUALITATIVE  MINERALOGICAL  SYSTEM 

ANDESITES.  It  is  to  be  noted  that  there  are  no  varieties  with 
sodic  amphiboles  or  sodic  pyroxenes. 

VoLCANiTE.^  —  A  glassy  rock  from  Vulcano,  Lipari  Islands, 
with  few  phenocrysts  of  soda-microcline  and  andesine,  augite 
and  sometimes  olivine.  Its  chemical  composition  is  that  of 
dacite. 

Quartz-basalt  (in  part).  —  Chiefly  andesine  feldspar,  p3rrox- 
ene^  olivine,  quartz,  iron  oxides,  which  may  be  phenocrysts  in 
a  groundmass  of  feldspar,  pyroxene,  iron  oxide,  and  glass. 
Textural  varieties  analogous  to  those  in  the  preceding  division 
are: 

Hyalgdacite,  dacitic  perlite,  obsidian  and  pumice. 

p.  JPaleotypal  Habit 

Dellenite-porphyry  and  dacite-porphyry,  commonly  called 
quartz-porphyrite.  —  There  are  the  same  varieties  character- 
ized by  different  ferromagnesian  minerals  as  are  noted  under 
dacite. 

There  are  no  rocks  of  this  group  so  rich  in  ferromagnesian 
minerals  as  to  constitute  a  second  division,  II,  B  2. 

The  texture  of  these  rocks  is  highly  varied,  though  not  quite 
so  much  so  as  that  of  rocks  of  II,  A  1,  (6).  The  fabrics  are 
similar  except  for  increase  of  lime-soda-feldspars  and  consequent 
changes  in  fabric.  Spherulitic  fabric  occurs  less  frequently  than 
in  the  more  alkalic  quartzose  rocks. 

Transitions  of  these  rocks  .with  decrease  in  quartz  are  to 
latite  (trachyandesite)  and  to  andesite;  with  increase  in  potash- 
feldspars  they  grade  into  rhyolite.  Corresponding  transitions 
occur  in  the  paleotypal  forms. 

C  I.    QUARTZ-DIORITE   AND   DACITE   (IN   PART) 

Characterized  by  quartz  and  soda-calcic  feldspar,  labrador- 
ite,  with  subordinate  amounts  of  potash-feldspar  and  ferro- 
magnesian minerals.  There  are  few  rocks  belonging  to  this 
group  for  the  reason  that  the  more  calcic  the  rock  the  less 
siliceous  it  is  as  a  general  rule,  so  that  there  are  few  rocks  whose 
feldspars  are   strongly  calcic   that   contain   much  quartz,   and 

»  Hobbs,  1894. 
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some  aphanitic  rocks,  that  are  chemically  equivalent  to  phan- 
erocrystalline  rocks  of  this  group,  do  not  exhibit  quartz,  and 
are  generally  classed  with  non-quartzose  rocks. 

(a)  Phanerocrjrstalline  Texture.  Quartz-diorite  (in  part). 
—  Some  rocks  with  labradorite  feldspar  and  considerable 
quartz,  and  subordinate  hornblende,  pyroxene,  and  mica, 
have  been  called  quartz-diorite,  though  they  might  have  been 
classed  as  quartz-hornblende-gabbros  with  equal  propriety, 
according  to  some  definitions  of  gabbro.  Ordinary  quartz- 
gabbros  contain  too  small  an  amount  of  quartz  to  be  placed  in 
this  group.  The  rocks  of  this  group  may  contain  biotite,  and 
do  not  differ  from  most  quartz-diorites  except  in  the  more 
calcic  character  of  the  feldspar,  which  averages  labradorite 
instead  of  andesine. 

(6)  Aphanitic  Texture.  Dacitb  (in  part).  —  Rocks  having 
the  composition  described  have  in  some  cases  been  named 
dacite  when  quartz  is  present  as  phenocrysts.  But  when  it  is 
confined  to  the  groundmass  as  microscopic  anhedrons  scarcely 
distinguishable  from  the  feldspar  owing  to  similar  optical 
behavior,  or  is  still  in  the  uncrystallized  magma  as  glass,  the 
rocks  are  called  andesites,  and  are  classed  with  the  non- 
quartzose  group.  They  are  then  only  recognized  by  the  chem- 
ical composition  of  the  rock  as  a  whole. 

IIL  ROCKS  CHARACTERIZED  BY  FELDSPAR 

Sometimes  without  quartz  or  feldspathoids,  but  commonly 
with  variable  small  amounts  of  one  or  the  other.  In  order  to 
distinguish  rocks  of  this  division  having  a  little  quartz  from 
those  of  the  preceding  one  with  considerable  quartz  it  would  be 
advantageous  to  qualify  the  name  of  the  rock  by  the  term 
quartz-bearing  instead  of  simply  prefixing  quartz-,  since  in  some 
cases  this  method  has  been  employed  to  form  the  name  of  the 
corresponding  quartzose  rock  belonging  to  the  more  quartzose 
division  II,  as  quartz-diorite.  But  there  is  no  uniformity  of 
practice  in  this  regard.  The  same  observations  apply  to  the 
matter  of  leucite,  nephelite  and  the  sodalites.  There  is  the 
widest  range  of  variety  in  the  feldspars  of  this  division,  and  a 
wide  range  in  the  proportions  of  ferromagnesian  minerals, 
which  may  sink  to  almost  nothing,  or  may  preponderate  over 
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feldspars  of  various  kinds,  reaching  the  highest  proportion  in 
connection  with  the  more  calcic  feldspars.  Three  subdivisions 
may  be  recognized  according  as  the  feldspars  are  chiefly  alkalic, 
calci-alkalic,  or  soda-calcic;  and  those  with  more  alkalic  feld- 
spars may  be  further  distinguished  according  as  potassic  or 
sodic  feldspars  preponderate. 

A  I.   SYENITE   AUD   TRACHYTE 

Chiefly  alkali-feldspars,  with  subordinate  amounts  of  mus- 
covite  or  one  or  more  of  the  ferromagnesian  minerals,  and 
sometimes  small  amounts  of  lime-soda-feldspars,  quartz,  or 
feldspathoids.  The  alkali-feldspars  may  be  orthoclase,  micro- 
cline,  sanidine,  soda-orthoclase,  soda-microcline  (anortho- 
clase),  or  albite.  There  may  be  some  oligoclase  or  andesine. 
The  ferromagnesian  minerals  may  be  biotite,  lepidomelane, 
hornblende,  or  sodic  amphiboles,  diopside,  augite,  or  sodic 
pyroxene;  also  olivine  in  certain  cases.  Titanite,  apatite, 
iron  oxides,  and  other  minerals  in  small  amounts  are  often 
present.  Leucite,  nephelite,  and  sodalite  occur  in  some  in- 
stances. Transitions  from  quartz-bearing  varieties  to  those 
bearing  feldspathoids  frequently  occur. 

(a)  Phanerociystalline  Texture,  sometimes  porphyritic.  — 
Syenite  is  a  common  group  name,  which  may  be  qualified  by 
mineral  names  as  prefixes  according  to  the  characteristic  sub- 
ordinate components.  But  special  names  have  been  given  to 
particular  varieties.  Distinctions  similar  to  those  recognized 
in  the  granite  group  have  been  based  on  the  abundance  of 
alkali-feldspars  or  the  presence  of  some  oligoclase  or  andesine 
with  potash-feldspar. 

Alksuli'Syenites 

Aplite  (syenitic).  —  Alkali-feldspars  with  small  amounts  of 
segirite,  arfvedsonite,  or  riebeckite. 

Lestiwarite.*  —  Quartz-bearing  aplite  of  alkali-syenite. 

Syenitic  pegmatite.  —  With  muscovite,  and  often  with  rare 
minerals,  sometimes  corundum. 

Lindoite'  (bostonite,  in  part).  —  Quartz-bearing  aplitic 
syenite,    chiefly   albite    and    orthoclase   intergrown   as    micro- 

^  Rosenbusch,  1896.  '  BrOgger,  1884. 
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perthite,  with  subparallel,  tabular  crystals  forming  a  fine-grained, 
somewhat  laminated  rock. 

Hedrumite.*  —  Nephelite-bearing  lindoite  with  a  little  soda- 
lite,  segirite,  and  lepidomelane. 

NoRDMARKiTE.*  —  Chiefly  microperthite,  soda-orthoclase,  and 
albite,  with  a  little  biotite,  segirite,  and  sometimes  quartz. 
The  texture  is  granular,  medium  to  coarse  grained. 

PuLASKiTE.'  —  Chiefly  orthoclase  (cryptoperthite),  with  a 
little  nephelite  or  sodalite  and  variable,  small  amounts  of 
biotite,  diopside,  and  (?)  barkevikite.  The  feldspars  are  tabular 
and  their  arrangement  is  diverse. 

Umptekite.'  —  Chiefly  microperthite,  with  small,  variable 
amounts  of  nephelite,  sodic  amphibole  which  may  be  arfved- 
sonite,  riebeckite,  or  barkeyikite;  sometimes  pyroxene. 

Laurvikite.^  —  Chiefly  microperthite  and  soda-microcline 
(anorthoclase),  having  a  rhomboid  tstbular  form,  approaching 
that  of  the  phenocrysts  in  rhombenporphyry,  with  variable, 
subordinate  amounts  of  titaniferous  augite,  diopside,  segirite- 
augite,  sometimes  hypersthene,  lepidomelane,  and  barkevikitic 
amphibole,  sometimes  olivine,  nephelite,  and  sodalite,  less  often 
a  little  quartz. 

SoDALiTE-SYENiTE.  —  Chiefly  orthoclase,  albite,  microperthite, 
or  soda-microcline,  with  small  amounts  of  sodalite,  and  barke- 
vikite, or  biotite  and  diopside;  having  a  granular  texture. 

Albitite.^  —  Chiefly  albite,  with  very  little  else,  having  a 
fine-grained  granular  texture. 

iEoiRiTE-SYENiTE.  —  Chiefly  alkali-feldspars  with  segirite  as 
the  characteristic  subordinate  mineral.  There  are  alkali-syenites 
characterized  similarly  by  arfvedsonite  or  riebeckite. 

Calci-Alk&Iic  Syenites 

MiCA-BYENiTE.  —  Chiefly  orthoclase  and  oligoclase,  with  sub- 
ordinate biotite  and  some  hornblende,  quartz,  titanite,  etc.; 
granular  texture. 

Hornblende-syenite.  —  Chiefly  orthoclase,  with  oligoclase 
and  subordinate  hornblende,  and  some  biotite,  pyroxene,  quartz, 
and  titanite;  granular  texture. 

»  BrOgger,  1890.    '  J.  F.  Williams,  1890.    ■  Ramsay,  1894.    *  Turner,  1896. 


364  QUALITATIVE  MlNERALOGICAL  SYSTEM 

ToNSBERGiTE.*  —  Chiefly  orthoclafie  and  andesine,  with  the 
fabric  of  lauvikite;  sometimes  a  little  quartz  and  other  minerals. 

Akertte  '  (in  part).  —  Chiefly  orthoclase  and  oligoclase,  or 
andesine,  with  biotite,  diopside,  or  segirite-augite,  and  quartz; 
texture  fine-grained  granular,  or  with  tabular  fabric. 

Rhombenporphyry  (in  part).  —  Some  varieties  are  phanero- 
crystalline;  for  definition  see  the  aphanitic  division. 

Quartz-syenite.  —  A  general  term  which  may  be  used  for 
any  quartz-bearing  syenite. 

Transitions  from  one  variety  of  syenite  to  another  are  com- 
mon, especially  between  those  varieties  most  closely  related 
chemically  and  mineralogically.  The  minerals  occurring  in 
small  amounts  in  most  of  these  rocks  are:  zircon,  which  is  a 
prominent  constituent  in  some  instances;  apatite,  magnetite, 
hematite,  ilmenite,  or  titanite;  and  less  frequently,  in  the  peg- 
matites, the  rarer  minerals  tourmaline,  garnet,  corundum,  etc. 

The  texture  is  holocrystalline  and  phanerocrystalline,  with 
various  fabrics;  in  some  varieties  the  fabric  is  granular,  in 
others  more  or  less  tabular,  with  subparallel  or  diverse  arrange- 
ment, chiefly  in  the  alkali-syenites.  The  rocks  may  be  equi- 
granular,  inequigranular,  seriate,  or  hiatal  and  porphyritic. 
Coarse-grained  porphyritic  rocks  of  this  group  are  called  por- 
phyritic syenites;  the  medium-  to  fine-grained  porphyritic 
forms  are  syenite-porphyries.  But  this  term  is  also  applied 
to  aphanitic  porphyries  of  this  group.  Fine-grained  porphy- 
ritic  forms  of  any  of  the  varieties  of  syenite  noted  above  may 
be  designated  by  terms  compounded  of  the  varietal  name  with 
porphyry,  thus:  pulaskite-porphyry,  nordmarkite-porphyry,  etc. 

Transitions  of  syenite  to  granite  occur  with  increase  of 
quartz,  and  are  common.  With  increase  in  nephelite  there  is 
gradation  to  nephelite-syenite.  With  increase  in  calcic  feld- 
spars syenites  pass  into  monzonites,  diorites,  or  gabbros.  With 
increase  in  ferromagnesian  minerals,  chiefly  pyroxene  and 
olivine,  there  is  a  transition  to  shonkinite. 

(b)  Aphanitic  Tezturei  often  porphyritic.  Trachyte  and 
corresponding  porphyries,  quartzless  porphyry,  orthophyre, 
etc.,  and  the  glassy  equivalents.  —  These  rocks  when  porphyritic 
usually  have  phenocrysts  of  alkali-feldspar,  in  some  instances 

*  Brogger,  1899.  »  Idem.y  1890. 
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calci-alkalic  feldspar,  besides  mica,  amphibole,  or  pyroxene,  but 
none  of  quartz.  The  groundmass  consists  chiefly  of  alkali-feld- 
spars, with  or  without  subordinate  amounts  of  the  minerals  just 
mentioned.  The  glasses  are  recognized  by  microlites  of  the 
minerals  named,  but  most  definitely  by  the  chemical  composi- 
tions corresponding  to  those  of  syenites.  The  lithoidal  varieties 
are  usually  light-colored,  generally  with  duller  luster  than  that  of 
the  more  quartzose  lithoidal  forms  of  the  granite  group.  Glassy 
varieties  may  be  various  shades  of  color,  to  black. 

a.  Cenotypal  Habit 

Trachyte.*  —  A  general  name  for  rocks  of  this  division  with 
aphanitic  or  glassy  texture,  composed  chiefly  of  alkali-feldspars, 
with  little  or  no  calci-alkalic  feldspar,  and  one  or  more  of  the 
following  minerals:  mica,  pyroxene,  amphibole,  olivine,  nephe- 
lite,  leucite,  sodalites,  or  quartz,  etc.;  having  various  degrees  of 
crystallinity  from  holocrystalline  to  holohyaline,  and  various 
fabrics.  Often  characterized  by  fibrous  to  thin-tabular  fabric, 
produced  by  thin  prismoids  or  plates  of  alkali-feldspar;  some* 
times  called  "trachytic"  fabric.  When  prismatic  the  charac* 
teristic  phenocrysts  are  alkali-feldspars.  Some  of  the  varieties 
of  trachyte  are: 

Alktdi-Tracliytes,  —  Chiefly  rich  in  sodium,  and  therefore 
in  sodic  minerals.  Almost  no  calci-alkalic  feldspar;  chiefly 
soda-orthoclase,  soda-microcline  (anorthoclase),  or  albite,  with 
sodic  pyroxene,  aegirite,  flegirite-augite,  and  sodic  amphiboles 
arfvedsonite,  riebeckite,  katophorite,  as  distinctive.  In  some 
instances  there  are  small  amounts  of  nephelite,  sodalites,  or 
leucite,  and  a  close  relationship  to  phonolites.  Mineralogical 
varieties  may  be  called  iEGiRiTE-TRACHYTE,  riebeckite-tra- 
CHYTE,  etc. 

Calci-AlkaMc  Tracliytes 

Mica-trachyte,  augite-trachyte,  sanidine-oliggclase- 
trachyte,  which  may  contain  variable,  small  amounts  of  oligo- 
clase  or  andesine  and  sometimes  a  little  quartz,  belong  to  the 
more  calcic  division  of  trachytes.  With  them  is  to  be  grouped 
domite,'   which  is   chiefly  oligoclase   and  sanidine,  with  small 

»  Haiky,  1811.  '  von  Buch. 
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amounts  of  hornblende  or  pyroxene;  porous  and  rather  friable 
to  compact,  with  glistening  luster  and  light  grayish  color; 
scarcely  porphyritic. 

The  following  terms,  based  on  texture,  have  been  applied  to 
trachytes,  as  to  other  glassy  lavas: 

Hyalotrachyte.  —  A  trachyte  with  glassy  groundmass. 

Perlite  (trachytic).  —  Having  a  glassy  groundmass  with 
perlitic  structure. 

Obsidian  (trachytic).  —  Dense  glass  with  conchoidal  fracture. 

Pumice  (trachytic).  —  Highly  vesicular  or  pumiceous. 

p.  Paleotypsd  Habit 
AlkaUc  Division 

Orthophyre,^  or  quartzless  porphyry.  —  General  terms 
applied  to  dense  porphyries  of  this  group  with  phenocrysts  of 
orthoclase  and  none  of  quartz,  having  a  paleotypal  habit. 

Keratophyre^  (in  part).  —  Porphyries  of  this  group  rich  in 
sodium;  feldspar  phenocrysts  chiefly  soda-microcline  (anortho- 
clase).  The  rocks  originally  called  keratophyre  are  somewhat 
altered,  and  the  ferromagnesian  minerals  are  generally  decom- 
posed. Some  of  these  rocks  contain  so  much  quartz  as  to  belong 
to  division  II,  A  1,  (6),  ^. 

SoLvsBEROiTE.'  —  Chiefly  alkali-feldspar,  mostly  albite  and 
microcline,  with  aegirite,  sometimes  with  katophorite  or  arfved- 
sonite,  and  mica;  in  some  instances  there  is  a  little  quartz,  in 
others  a  little  nephelite;  grading  into  grorudite  on  the  one  hand 
and  into  tinguaite  on  the  other.  The  texture  is  aphanitic  to 
fine-grained,  with  tabular-feldspars,  often  in  subparallel  arrange- 
ment, producing  a  schistose  texture.     Only  slightly  porphyritic. 

BosTONiTE.*  —  Chiefly  alkali-feldspar,  microcline,  microperth- 
ite,  soda-microcline,  seldom  orthoclase.  Other  minerals  almost 
absent,  or  in  very  small  amounts.  Aphanitic,  light-colored 
rocks,  sometimes  slightly  porphyritic,  often  non-porphyritic. 
The  feldspars  are  tabular,  sometimes  subparallel,  producing  a 
satin  luster  on  cleavage  planes  in  the  somewhat  fissile  varieties. 

Calci-Alkalic  Division 

MiENAiTE.*  —  Calcic  bostonite,  also  called  oligoclase-por- 
PHYRY,  like  bostonite  with  considerable  oligoclase. 

»  Coquand,  1857.  »  Giimbel,  1874.  »  Br6gger,  1894. 

*  Roeenbuflch,  1882.        *  Brdgger,  1898. 
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Rhombenporphyry  *  (in  part).  —  Chiefly  alkali-feldspar,  with 
potash-oligoclase  in  phenocrysts  having  characteristic  wedge- 
shaped  tabular  forms  that  yield  narrow  rhombic  sections. 
The  dense  lithoidal  groundmass  consists  of  alkali-feldspar,  with 
small  amounts  of  augite  and  segirite-augite,  biotite,  olivine, 
apatite,  titaniferous  magnetite,  zircon.  In  some  instances 
there  is  nephelite.  These  porphyries  range  from  aphanitic  to 
fine-grained  phanerocrystalline  forms,  which  should  be  called 
syenite-porphyries. 

Felsite  (in  part).  —  Some  felsites  are  almost  wholly  alkali- 
feldspars,  like  bostonite. 

The  textures  of  aphanitic  rocks  of  this  group  when  seen  with 
the  microscope  vary  in  crystallinity  from  holocrystalline  to 
highly  glassy,  and  range  through  all  gradations  of  micro-gran- 
ularity. The  fabric  is  sometimes  granular,  but  oftener  formed 
by  thin  tabular  crystals,  which  may  be  subparallel  or  diverse 
in  arrangement  —  a  trachytic  fabric.  Thin  tabular  crystals  are 
frequent  as  microlites  in  the  glasses,  but  fiber-like  prismoids  are 
also  characteristic  of  some  varieties  of  microtexture. 

Transitions  from  trachytes  into  rhyolites  are  common  through 
increase  of  quartz,  and  into  phonolite  through  increase  in  nephe- 
lite. With  increase  in  calcic  feldspars  there  is  passage  into  latite, 
vulsinite,  ciminite  or  trachyandesite,  trachydolerite,  and  into 
andesite  and  basalt.  Corresponding  transitions  occur  between 
paleotypal  forms. 

A  3.    SHONKINITE   AND    SYENITIC    LAMPROPHYRES 

Composed  of  alkali-feldspar,  mostly  orthoclase,  with  albite 
or  oligoclase  in  some  instances,  and  abundant  ferromagnesian 
minerals,  augite,  hornblende,  mica,  olivine.  Rocks  of  this 
group  are  not  common,  and  are  oftener  porphyry-like  than 
evenly  granular. 

(a)  Phanerocrystalline  Texture.  —  Only  a  few  rocks  belonging 
to  this  division  have  been  described.  They  are  facies  of  sye- 
nitic  rocks  rich  in  ferromagnesian  constituents. 

SHONKINITE '  (in  part).  —  Medium-grained,  evenly  granular 
rocks,  composed  of  augite,  with  biotite  and  olivine,  and  sub- 
ordinate amounts  of  orthoclase,  with  small  amounts  of  albite 

^  von  Buch.  ^  Pirsson,  1895. 
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and  soda-microcline  and  a  little  nephelite  and  sodalite.  Shon- 
kinite  is  a  marginal  facies  of  sodalite-syenite,  II,  A  1,  (a),  at 
Square  Butte,  Montana.  A  somewhat  similar  rock  from 
Ahvenvaara,  Finland,  contains  pyroxene,  potash-soda-feldspar, 
and  14  per  cent  of  apatite. 

Garnet-pyroxene-malignite.^  —  Chiefly  microperthite  as 
phenocrysts  in  a  fine-grained  groundmass  of  sBgirite-augite, 
melanite,  biotite,  titanite,  apatite,  with  some  feldspar. 

Amphibole-malignite.*  —  Chiefly  microperthite,  arfvedson- 
itic  amphibole,  with  aegirite-augite,  biotite,  titanite,  and  apatite. 
Texture  granular,  slightly  porphyritic.  The  malignites  are  not 
quite  so  rich  in  ferromagnesian  minerals  as  shonkinite.  They 
are  closely  related  to  nephelite  rocks. 

(Jb)  Porphyritic  fine-grained  to  aphanitic  rocks  whose  pheno- 
crysts are  almost  wholly  ferromagnesian  minerals  have  been 
called  LAMPROPHYRES.  A  part  of  them  belong  in  this  group, 
and  are  known  by  the  general  term  syenitic  lamprophyres. 
More  specifically  they  are: 

a.  Cenotypal  Habit  —  Certain  mica-trachytes  with  abundant 
phenocrysts  of  biotite. 

p.  PaleotypaJ  Habit 

MiNETTE*  (mica-trap). — Dark-colored,  porphyritic  rock,  apha- 
nitic to  fine-grained,  seldom  medium-grained  phanerocrystalline. 
The  phenocrysts  are  chiefly  biotite,  with  or  without  augite  or 
hornblende,  sometimes  with  olivine.  The  groundmass  consists  of 
these  minerals  with  orthoclase,  sometimes  with  soda-microcline 
or  oligoclase.  Apatite  is  rather  abundant.  Varieties  with  mica 
alone,  without  hornblende  or  augite,  are  rare.  Hornblende- 
MiNETTE  contains  hornblende  in  addition  to  mica;  augite- 
MiNETTE  contains  augite  and  mica.  With  increase  in  alkalic 
feldspars  these  lamprophyres  grade  into  syenitic  porphyry. 

VoGESiTE.'  —  Syenitic  lamprophyre  without  mica.  The  phe- 
nocrysts are  hornblende,  diopside,  or  augite;  sometimes  a  little 
olivine  may  be  present.  The  feldspar  is  chiefly  orthoclase, 
with  variable  amounts  of  lime-soda-feldspar;  apatite  is  also 
noticeable.  There  may  be  hornblende-vogesite  and  augite- 
voGESiTE.  These  rocks  are  associated  with  granite,  and  are  rarer 
than  minettes. 

>  LawBon,  1896.         '  de  Beaumont,  1822.         '  Rosenbusch,  1887. 
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B  I.   MONZONITE   AIXD   LATITB,   DIORITE   AND   ANDESITE 

Chiefly  calci-alkalic  feldspars,  with  subordinate  amounts  of 
biotite,  hornblende,  or  pyroxene.  There  may  be  also  a  little 
quartz  or  feldspathoids,  nephelite,  sodalites,  or  leucite,  besides 
titanite,  apatite,  iron  oxides,  and  zircon.  As  in  group  II,  B  1, 
calci-alkalic  feldspar  may  signify  alkali-feldspars  and  soda- 
calcic  feldspars,  or  feldspars  intermediate  between  alkali-feld- 
spars and  soda-calcic  feldspar.  That  is,  the  feldspars  may  be 
potash-feldspar,  orthoclase,  with  labradorite  or  andesine-labra- 
dorite,  or  they  may  be  andesine. 

(o)  Phanerocrystalline  Texture,  sometimes  porphyritic.  Mon- 
ZONITE  and  diorite  (in  part). — Two  divisions  of  these  rocks 
may  be  recognized  according  as  there  is  a  notable  amount  of 
potash-feldspar  present  or  not. 

Potassic  Division 

MoNzoNiTE.*  —  Chiefly  andesine  or  labradorite,  with  con- 
siderable orthoclase  and  biotite,  hornblende,  or  augite  as  the 
prominent  constituents.  Varieties  may  be  named  according  to 
the  characteristic  ferromagnesian  mineral,  as  augite-monzonite. 

AuGiTE-SYENiTE  (in  part).  —  Essentially  the  same  as  augite- 
monzonite.  "Groba"  type  of  syenite  according  to  Rosenbusch. 
There  may  be  small  amounts  of  biotite,  hypersthene,  and  horn- 
blende. 

Akerite.2  —  Chiefly  potash-feldspar  with  lime-soda-feldspar, 
besides  biotite,  diopside  or  dippside-segirite,  and  a  little  quartz. 

Sodic  Division.  When  there  is  little  or  no  potash-feldspar  the 
rocks  are: 

Diorite'  (in  part).  —  Chiefly  calci-alkalic  feldspars,  andesine 
with  smaller  amounts  of  oligoclase  or  labradorite,  and  some- 
times orthoclase  or  microcline;  besides  variable  amounts  of 
biotite,  hornblende,  or  pyroxene.  In  some  instances  a  little 
quartz;  in  others,  much  more  rarely,  a  little  nephelite.  There 
are  also  small  amounts  of  iron  oxides,  titanite,  apatite,  zircon,  and 
sometimes  other  minerals.  There  are  rocks  called  diorite  with 
preponderant  soda-calcic  feldspar,  labradorite,  which  belong  in 
the  next  division.  III,  C,  but  most  diorites  are  characterized  by 

>  de  Lapparent,  1864.  »  BrSgger,  1890.  '  d'Aubuisson,  1819. 
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calci-alkalic  feldspars  whose  average  composition  is  andesine. 
According  to  the  kinds  of  ferromagnesian  minerals  that  prepon- 
derate over  one  another  there  are: 

MiCA-DIORITE. — Chiefly    with    biotite;      HORNBLENDE-DIORITEy 

or  DiORiTB  proper,  chiefly  with  hornblende;  augite-diorite,  etc. 
Commonly  several  kinds  of  ferromagnesian  minerals  are  present 
in  the  same  rock,  and  intermediate  varieties  between  different 
kinds  of  diorites  abound. 

Ornoite  *  is  a  hornblende-diorite  of  variable  composition  and 
texture,  occurring  on  the  island  Orno,  near  Stockholm,  Sweden. 
It  has  facies  rich  in  hornblende,  and  others  very  poor  in  feld- 
spar, peridotitic. 

Gabbro*  (in  part).  —  Some  pyroxene-andesine  rocks  which 
belong  in  this  division  because  of  the  character  of  the  feldspar, 
are  classed  as  gabbro  because  of  the  pyroxene.  They  might 
more  properly  be  called  pyroxene-diorite. 

Essexite'  (in  part).  —  Diorite  with  small  amount  of  nephe- 
lite,  yielding  a  dioritic  essexite,  which  is  closely  related  to  a 
nephelite-bearing  gabbro,  with  labradorite. 

Malchite*  (in  part).  —  Fine-grained  granular  rock,  some- 
times porphyritic,  composed  of  andesine  and  hornblende. 
There  may  be  a  little  quartz,  besides  magnetite,  biotite,  etc. 
Some  varieties  are  aphanitic. 

Luciite.'  —  Like  malchite,  with  more  calcic  andesine  and  less 
silica. 

The  texture  of  the  more  potassic  varieties  of  these  rocks  is 
chiefly  granular,  sometimes  with  poikilitic  development  of  the 
potash-feldspar.  It  may  be  porphyritic;  when  the  ground- 
mass  is  fine-grained  the  rocks  become  monzonite-porphyries. 
In  the  more  sodic  varieties,  the  diorites,  a  prismoid  habit  of  the 
feldspars  is  common  and  characterizes  the  fabric  of  the  rocks. 
Fine-grained  porphyritic  varieties  are  diorite-porphyries. 

Transitions  to  syenite  accompany  decrease  in  lime-soda- 
feldspar;  increase  in  the  calcic  character  of  the  feldspars 
leads  to  gabbro.  Increase  in  quartz  produces  gradations  to 
quartz-diorite,  granodiorite,  and  granite.  With  small  amounts  of 
nephelite  the  rocks  pass  into  essexite,  or  into  theralite  (in  part). 

»  CederstrOm,  1893.  »  von  Buch,  1810.  ■  Sears,  1891. 

*  Ojsann,  1892.  *  Ghelius.  1892. 
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(6)  Aphanitic  Tezturey  often  porphyritic.  Latttes  and  ande- 
siTES,  and  corresponding  paleotypal  forms.  —  When  these  rocks 
are  porphyritic  the  phenocrysts  are  chiefly  lime-soda-feldspar, 
labradorite,  or  andesine,  and  in  some  instances  also  orthoclase 
or  sanidine,  often  with  pyroxene,  hornblende,  or  biotite.  The 
groundmass  is  chiefly  lime-soda-feldspar,  andesine,  or  oligoclase, 
and  sometimes  with  orthoclase  or  sanidine,  besides  pyroxene,  iron 
oxides;  less  often  hornblende,  and  mica,  with  smaller  amounts 
of  other  minerals.  The  more  glassy  varieties  are  often  recognized 
by  the  phenocrysts  and  microlites,  but  can  only  be  definitely 
identified  by  chemical  analysis.  The  colors  of  the  rocks  are 
generally  darker  than  aphanitic  forms  of  the  preceding  division 
III,  A  1  (&),  trachytes,  etc. 

a.  Cenotyp&l  Habit 

Latite.*  —  General  name  for  lava  forms  of  monzonite  rocks, 
that  is,  chiefly  potash-feldspar  with  lime-soda-feldspar  and  sub- 
ordinate amounts  of  ferromagnesian  minerals.  Special  varieties 
of  latites  are: 

Vulsinite.'  —  Chiefly  potash-feldspar,  sanidine,  prominent  as 
phenocrysts,  with  those  of  lime-soda-feldspar,  andesine-labra- 
dorite;  also  augite  with  some  biotite;  texture  of  groundmass 
trachytic. 

CiMiNiTE.*  —  Chiefly  sanidine  and  labradorite,  with  augite 
and  olivine.  Few  phenocrysts  of  feldspar,  more  of  augite  with 
some  of  olivine;  texture  of  groundmass  characterized  in  part 
by  small  prismoids  of  lime-soda-feldspars  as  in  andesite;  in 
part  by  somewhat  tabular  alkali-feldspar  as  in  trachyte. 

Trachyandesite  *  and  trachydolerite  *  are  names  some- 
times given  to  vulsinites  and  ciminites. 

Banakite.*  —  Chiefly  lime-soda-feldspars,  andesine,  and  labra- 
dorite, with  less  sanidine,  besides  augite  and  biotite;  sometimes 
a  little  olivine.  Slightly  porphyritic,  with  phenocrysts  mostly 
augite;  groundmass  characterized  by  prismoids  of  lime-soda- 
feldspar,  with  outer  shell  of  sanidine. 

Shoshonite.'  —  Chiefly  andesine  and  labradorite,  with  sani- 
dine, besides  augite  and  olivine.     Phenocrysts  of  labradorite, 

>  Ransome,  1898.  >  Washington,  1896.  *  Michel-L^vy,  1894. 

*  Abich,  1841.  »  Iddings,  1895. 
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augite,  and  olivine;  groundmass  characterized  by  sanidine  as 
border,  or  outer  shell,  to  prismoids  of  lime-soda-feldspar,  and 
also  as  independent  crystals. 

MoNDHALDEiTE.*  —  Phenocrysts  of  augite,  hornblende,  by- 
townite,  and  some  leucite  in  a  glassy  groundmass.  Chemical 
composition  like  that  of  shoshonite. 

Andesite'  (aleutite*).  —  Chiefly  andesine,  with  labrador- 
ite  or  oligoclase,  little  or  no  potash-feldspar,  besides  ferromag- 
nesian  minerals,  biotite,  hornblende,  augite,  hypersthene;  also 
iron  oxides  and  apatite.  There  may  be  a  little  olivine  in  some 
instances;  rarely  quartz  in  recognizable  crystals.  According  to 
the  prominent  ferromagnesian  mineral  there  are  the  following 
kinds  of  andesite: 

Pyroxene-andesite,  with  hypersthene  and  augite,   augite- 

ANDESITE,  HYPERSTHENE-ANDESITE,  HORNBLENDE-PYROXENE- 
ANDE8ITE,   HORNBLENDE-ANDESITE,    HORNBLENDE-MICA- ANDESITE, 

MICA-ANDE8ITE.  Between  these  varieties  all  possible  gradations 
exist,  and  often  several  kinds  of  ferromagnesian  minerals  occur 
together.  The  pyroxene-andesites  are  generally  the  most  calcio, 
lowest  in  silica,  and  nearest  basalt  in  composition;  and  the  mica- 
andesites  are  usually  the  most  alkalic  and  most  siliceous. 

Owing  to  the  fact  that  quartz  and  orthoclase  when  present 
in  small  amounts  are  among  the  last  minerals  to  crystallize, 
and  often  remain  in  the  glass  base  when  the  rock  is  not  wholly 
crystallized,  and  also  because  the  optical  behavior  of  quartz  is 
nearly  the  same  as  that  of  andesine  feldspar  in  thin  sections, 
and  since  potash  feldspar  molecules  may  enter  crystals  with 
lime-soda-feldspar  molecules  when  rapidly  formed,  it  follows 
that  the  presence  of  quartz  and  potash-feldspar  in  rocks  of  this 
general  character  with  glassy  or  microcrystalline  groundmass 
is  usually  overlooked,  and  may  be  not  recognizable.  Conse- 
quently many  rocks  are  called  andesites  which  actually  belong 
to  the  more  quartzose  group  II,  B  1,  (6),  dacite.  Others  con- 
tain suflicient  potash-feldspar  to  be  classed  with  latites.  That 
is,  they  are  chemically  equivalent  to  quartz-diorite  and  grano- 
diorite  in  some  instances  and  to  monzonite  in  others. 

Verite,*  —  Glassy  to  lithoidal,  porphyritic  variety  of  ande- 
site, with  phenocrysts  of  biotite  and  olivine.     The  glassy  ground- 

*  Graeff,  1900.       *  von  Buch,  1836.        »  Spurr,  1900.        *  Osann,  1889. 
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mass  contains  microlites  of  biotite,  diopside,  and  a  little 
feldspar. 

Sanukite.*  —  Glassy  hypersthene-andesite,  with  occasional  gar- 
nets; without  crystals  of  feldspar.  The  same  rock  has  been  called 
boninite.^ 

MiJAKiTE.*  —  A  variety  of  augite-andesite  containing  a  notable 
amount  of  manganese,  from  Mijakeshima,  Japan. 

Basalt  (in  part). — Chiefly  andesine,  with  augite  or  hyper- 
sthene  and  some  olivine.  Like  pyroxene-andesite  with  olivine; 
most  basalts  are  characterized  by  labradorite,  and  belong  in 
division  III,  C  1,  (6). 


Paleotypal  Habit 

Gauteite.*  —  Porph3ny  having  the  composition  of  monzo- 
nite.  Phenocrysts  of  labradorite-andesine,  often  with  outer 
shell  of  orthoclase;  besides  hornblende,  augite,  and  biotite,  in  a 
groundmass  rich  in  potash-feldspar  with  trachytic  texture. 

Andesite-porphyry,  or  porphyrite,  having  the  composi- 
tion and  texture  of  andesite;  sometimes  with  greater  granu- 
larity, though  microcrystalline;  sometimes  partly  altered. 
According  to  the  character  of  the  phenocrysts  there  may  be 
augite-andesite-porphyry  or  augite-porphyrite,  and  labradorite- 
porphyry  or  labradorite-porphyrite.  Weiselbergite  *  is  a  glassy 
augite-porphyrite. 

Propyute.*  —  Andesite  with  secondary  amphibole  and  often 
chlorite  in  place  of  pyroxene  and  pyrogenetic  hornblende. 
Usually  greenish  in  color. 

The  texture  of  these  aphanitic  rocks  varies  considerably 
according  to  composition  and  crystallinity,  which  ranges  from 
holocrystalline  to  highly  glassy.  There  may  be  any  degree  of 
porphyricity.  The  fabric  of  the  groundmass  may  be  micro- 
granular  or  may  approach  the  tabular  fabric  of  trachyte.  When 
chiefly  lime-soda-feldspars  the  microscopic  prismoids  produce  a 
felt-like  or  pilotaxitic  fabric.  Microlitic  fabric  characterizes  the 
glassy  rocks. 

Transitions  to  trachytie  accompany  increase  in  alkali-feld- 
spars; with  additional  increase  in  quartz  there  are  transitions 
to  rhyolite.     Increase  of  quartz  alone  leads  to  dellenite  and 

»  Weinschenk,  1890.  '  Petersen,  1891.         »  Idem.        *  Hibech,  1897. 

'  Rosenbusch.         •  von  Richthofen,  1868. 
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dacite;  increase  of  olivine  and  calcic  feldspar  leads  to  basalt; 
and  the  introduction  of  nephelite  or  leucite  forms  transitions  to 
tephrites. 

B  2.  KENTALLENITE,  ABSAROKITE,  AND  MONZONITIC 

LAMPROPHYRES 

Characterized  by  calci-alkalic  feldspars,  orthoclase,  and  lime- 
soda-feldspars,  or  andesine  alone,  with  abundant  ferromagne- 
sian  minerals,  augite,  hornblende,  biotite,  olivine.  Rocks  of 
this  division  are  not  very  common,  but  are  probably  somewhat 
more  numerous  than  the  more  ferromagnesian  varieties  of  the 
more  alkalic  group,  III,  A  2. 

(a)  Phanerocrystalline  Texture.  —  Kentallenite.  —  Several 
varieties  of  granular  rooks  belong  to  this  division. 

Kentallenite.*  —  Chiefly  olivine,  augite,  biotite,  lime-soda- 
feldspar,  averaging  andesine,  and  orthoclase.  Evenly  granular, 
medium  to  coarse  grained.     This  is  very  similar  to 

Olivine-monzonite.  —  Composed  of  the  same  minerals  as 
kentallenite,  but  with  feldspar  and  ferromagnesian  minerals  in 
nearly  equal  proportions. 

Durbachite.^  —  Chiefly  biotite,  orthoclase,  with  lime-soda- 
feldspar,  hornblende,  titanite,  zircon,  and  a  little  quartz.  Chem- 
ically this  rock  is  closely  allied  to  shoshonites,  but  the  abun- 
dance of  biotite  places  it  in  this  division.  It  has  a  somewhat 
porphyritic  texture.      A  similar  rock  has  been  called  vaugn- 

ERITE.' 

Some  of  the  rocks  called  gabbro  and  orthoclase-gabbro  belong 
in  this  division,  since  they  contain  andesine  instead  of  labra- 
dorite  and  more  ferromagnesian  minerals  than  feldspars.  They 
have  not  been  designated  by  specific  names,  however. 

Certain  porphyritic  fine-grained  rocks  having  the  character- 
istic composition  of  these  rocks  also  belong  in  this  phanerocrys- 
talline division,  but  they  bear  the  same  names  as  the  aphanitic 
varieties  described  below. 

(6)  Aphanitic  Texture,  often  porphjrritic,  having  pheno- 
crysts  of  ferromagnesian  minerals,  and  few  if  any  of  feldspar, 
MONZONITIC  and  dioritic  lamprophyres. 

>  Hill  and  Kynaston,  1900.       '  Sauer.       *  Foumet. 
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a,  CenotTP&l  Habit 

Absabokite*  (orthoclase-basalt  in  part).  —  Phenocrysts  of 
augite  and  olivine  in  a  groundmass  containing  augite,  and  some- 
times biotite,  with  labradorite-andesine  and  orthoclase,  often 
forming  outer  shells  around  the  plagioclase.  Rocks  of  this 
kind  have  been  described  as  basalts  rich  in  ferromagnesiaa 
minerals,  containing  some  orthoclase  in  the  groundmass. 

p.  Paleotypal  Habit 

Kersantite.'  —  Dark-colored,  porphyritic  rocks,  with  apha- 
nitic  to  fine-grained  phanerocrystalline  groundmass,  chiefly 
biotite,  with  hornblende  or  augite,  sometimes  olivine,  besides 
lime-soda-feldspar,  sometimes  with  outer  shell  of  orthoclase.  The 
commonest  variety  is  biotite-augite-kersantite.  Biotite- 
KERSANTiTE  and  HORNBLENDE-KERSANTiTE  are  less  common. 
An  augite-kersantite  poor  in  biotite  has  been  called  cuseltte.' 

Spessartite.*  —  Lamprophyre  composed  of  hornblende  or 
augite,  sometimes  with  a  little  olivine,  without  mica;  the  feldspar 
being  lime-soda-feldspar,  in  some  instances  with  outer  shell  of 
orthoclase.     These  rocks  are  related  to  quartz-bearing  ones. 

Camptonite.*  —  Lamprophyre  with  phenocrysts  of  horn- 
blende, biotite,  augite,  with  sometimes  olivine,  in  a  groundmass 
of  andesine  with  hornblende  and  augite.  The  abundance  of 
hornblende  microlites  in  the  groundmass  is  characteristic.  The 
amphibole  is  sodic  and  in  part  barkevikite,  and  the  rocks  are 
related  to  nephelite-bearing  rocks. 

C  X.  AKORTHOSITE^  6ABBR0,  BASALT  (DIORITB  IN  PART) 

Chiefly  soda-calcic  feldspar,  labradorite,  less  often  bytownite, 
anorthite,  with  subordinate  amounts  of  ferromagnesian  min- 
erals, augite,  enstatite,  hypersthene,  hornblende,  biotite,  olivine; 
besides  iron  oxides  and  apatite  and  sometimes  small  amounts 
of  orthoclase,  quartz,  or  nephelite. 

(a)  Phanerocrystalline  Texture,  sometimes  porph3rritic.  Anor- 
thosite,  gabbro,  diorite  (in  part).  —  According  to  the  prepon- 
derant or  characteristic  minerals  there  are: 

^  Iddings,  1895.         >  Delesse,  1851.         *  Rosenbusch,  1887. 

*  Idem,  1895.         »  Idem,  1887. 
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Anobthosite.*  —  Almost  wholly  feldspar,  with  very  small 
amounts  of  pyroxene,  biotite,  hornblende,  olivine,  iron  oxide. 
Texture  commonly  equigranular;  sometimes  tabular  with  par- 
allel arrangement  of  the  tabular  crystals. 

Kyschtymite'  or  corundum- anorthosite.  —  The  same  with 
notable  amounts  of  corundum. 

Kedabekite.'  —  Anorthite  with  lime-iron-garnet  and  heden- 
gergite. 

Gabbro.*  —  Chiefly  calcic  feldspar,  labradorite,  bytownite, 
or  anorthite,  with  variable  amounts  of  pyroxene,  diopside, 
augite  or  diallage,  hypersthene  or  enstatite;  hornblende,  bio- 
tite, olivine,  and  small  amounts  of  iron  oxide,  usually  titanifer- 
ous  magnetite  or  ilmenite.  The  proportions  of  ferromagnesian 
minerals  range  from  almost  nothing  in  anorthosite  to  the  whole 
of  the  rock  in  peridotites  and  pyroxenites.  The  texture  is 
granular,  seldom  porphyritic.  The  following  varieties  have 
been  named  r 

Gabbro  in  a  restricted  sense.  —  Chiefly  soda-calcic  feldspars 
and  diallage,  with  small  amounts  of  other  minerals. 

Olivine-gabbro.  —  The  same  with  olivine. 

Hyperite.*  —  Soda-calcic  feldspars,  with  augite,  hypersthene, 
and  olivine. 

NoRiTE.*  —  Soda-calcic  feldspars,  with  enstatite  or  hyper- 
sthene.    Other  minerals  may  be  present  in  small  amounts. 

Olivine-norite.  —  The  same  with  considerable  olivine. 

Hornblende-gabbro.  —  Soda-calcic  feldspars  with  horn- 
blende.    This  is  called  diorite  by  some  petrographers. 

MiCA-GABBRO.  —  Soda-calcic  feldspars  and  biotite  with  a  little 
pyroxene^  called  mica-diorUe  by  some. 

Troctolite^  (forellenstein). — Soda-calcic  feldspars  and  olivine. 

EucRiTE.*  —  Gabbro  whose  calcic  feldspar  is  anorthite. 

QuARTZ-GABBRO.  —  Gabbro  containing  a  small  amount  of 
quartz. 

EssExiTE*  (in  part). — Chiefly  labradorite,  with  augite,  bio- 
tite, barkevikitic  hornblende,  and  sometimes  olivine;  besides  a 
small  amount  of  orthoclase,  nephelite,  or  one  of  the  sodalites. 

»  Sterry-Hunt,  1863.  '  Morozewicz,  1898.  '  Federoff,  1901. 

*  voQ  Buch,  1810.  *  de  Beaumont.  ^  Esmark. 

7  von  Lasaulx,  1875.  ^  Rose,  1835.  >  Sears,  1891. 
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It  is  a  nephelite-orthoclase-bearing  gabbro.  But  some  varieties 
with  audesine  may  be  looked  upon  as  nephelite-orthoclase- 
diorite. 

Beerbachite*  (in  part).  —  Fine-grained,  granular,  rock  com- 
posed of  labradorite  and  diallage,  with  variable  amounts  of 
hypersthene  and  magnetite.  A  fine-grained  gabbro,  passing 
into  aphanitic  forms. 

DoLERiTE.'  —  Medium  to  fine-grained  rocks  sometimes  por- 
phyritic,  chiefly  soda-calcic  feldspar,  pyroxene  and  olivine,  with 
magnetite  or  other  iron  oxide,  having  a  granular,  ophitic,  or 
intersertal  fabric.  They  are  phanerocrystalline  basalts  with 
cenotypal  habit.  Those  with  paleotypal  habit  are  phanero- 
crystalline diabases.     Fine-grained  dolerite  is  sometimes  called 

ANAMESITE.' 

Diabase^  (in  part).  —  Phanerocrystalline  rocks  called  dia- 
base resemble  normal  pyroxene  gabbros  in  composition  but 
differ  from  them  in  fabric.  They  consist  of  labradorite  and 
augite,  sometimes  with  diopside,  enstatite,  or  hypersthene,  in 
some  varieties  with  olivine;  rarely  with  small  amounts  of  ortho- 
dase  and  quartz.  The  fabric  is  poikilitic,  or  ophitic,  a  par- 
ticular variety  of  poikilitic  in  which  the  pyroxene  acts  as  a 
matrix  for  tabular  or  bladed  crystals  of  feldspar.  In  some 
cases  the  spaces  between  the  feldspars  are  filled  with  small 
crystals  of  pyroxene,  magnetite,  and  olivine  —  an  intersertal 
fabric.  Many  diabases  are  somewhat  altered  and  contain 
chlorite.  In  some  occurrences  they  have  been  called  tho- 
LEiiTE.     Aphanitic  rocks  called   diabase  resemble  basalts. 

The  texture  of  these  rocks  is  chiefly  granular,  with  the  exception 
of  the  diabases,  in  which  it  is  poikilitic,  ophitic,  or  intersertal. 
Porphyritic  texture  is  not  common.  When  the  groundmass  is 
fine-grained  the  rocks  are  gabbro-porphyries. 

Transitions  to  diorites  and  monzonites  take  place  with  increase 
in  alkalic  feldspars  and  with  addition  of  quartz  to  quartz-diorites 
and  granodiorites.  With  addition  of  nephelite,  or  the  sodalites, 
and  orthoclase  there  are  transitions  through  essexite  to  nephelite- 
syenites.  Gradations  to  peridotites,  pyroxenites,  and  hornblend- 
ites  follow  decrease  in  feldspars  and  increase  in  ferromagnesian 
constituents. 

»  Chelius,  1894.      '  Haiiy.     "  von  Leonhard,  1823.     *  Brongniart,  1807. 
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(6)  Aphanitic  Texture,  often  porphyritic.  Basalts/diabases, 
and  MELAPHYRES.  —  Porphyritic  varieties  of  these  rocks  have 
phenocrysts  of  labradorite  or  more  calcic  feldspars,  augite,  and 
often  olivine,  seldom  hornblende  or  mica.  The  groundmass 
consists  of  soda-calcic  feldspar,  pyroxene,  magnetite  or  other 
iron  oxide,  and  sometimes  olivine.  In  aphanitic  rocks  of  this 
group  olivine  is  more  common  than  in  the  phanerocrystalline 
varieties,  and  hornblende  and  biotite  less  frequent.  Quartz 
occurs  in  some  instances. 

a.  CenotypaJ  Habit 

Basalt.*  —  Chiefly  soda-calcic  feldspar,  augite,  diopside, 
olivine,  and  magnetite,  with  hypersthene  or  enstatite  in  some 
instances.  Rarely  other  minerals  may  be  present,  and  some- 
times olivine  may  be  absent.  The  fabric  is  often  porphyritic, 
but  non-porphyritic  varieties  are  not  uncommon.  The  ground- 
mass  is  granular  in  some  instances,  and  ophitic,  intersertal, 
pilotaxitic,  or  microlitic  in  others.     Mineralogical  varieties  are: 

Hypersthene-basalt.  —  With  hypersthene,  augite,  and  oli- 
vine as  the  ferromagnesian  minerals. 

Hornblende-basalt.  —  With  hornblende  rich  in  iron  in 
addition  to  the  characteristic  minerals. 

Quartz-basalt.  —  Having  phenocrysts  of  quartz  besides 
olivine,  augite,  and  soda-calcic  feldspar. 

Hyalobasalt.  —  With  glassy  groundmass.  The  highly  glassy 
basaltic  rocks,  usually  occurring  as  thin  layers  on  the  margin  of 
bodies  of  basalt,  are  tachylyte  or  hyalomelan,  and  represent 
basaltic  obsidian  or  perlite. 

p.  Psdeotypal  Hahit 

Melaphyre.'  —  Basalt  more  or  less  altered,  having  like  com- 
position and  variations,  with  secondary  minerals,  serpentine, 
chlorite,  calcite,  etc. 

Diabase  (in  part).  —  Essentially  the  same  as  basalt  in  com- 
position, often  without  olivine,  but  with  a  secondary  mineral, 
chlorite  or  serpentine;  frequently  with  ophitic  fabric,  and 
usually  not  porphyritic;  the  porphyritic  forms  being  commonly 

'  Ancient  name,  possibly  from  Ethiopian  hseU  or  hsaUy  signifying  cooked 
or  burnt. 

>  Brongniart,  1813. 
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called  melaphyre.  The  following  mineralogical  varieties  have 
been  recognized  by  names: 

Saute-diabase  (hunnedi abase). — The  pyroxene  is  salite. 
In  some  varieties  there  is  a  little  biotite,  hornblende,  and 
quartz. 

Hypersthene-diabase.  —  With  hypersthene  in  addition  to 
augite. 

Proterobase.*  —  With  brown  hornblende,  biotite,  and  a 
little  quartz. 

Quartz-diabase  (kongadi abase).  —  Similar  to  the  foregoing, 
with  quartz  graphically  intergrown  with  feldspar  filling  spaces 
between  euhedral  prismoid  or  tabular  labradorite  crystals. 

Ophite.'  —  With  uralitized  pyroxene. 

Variolite.'  —  Spherulitic  basaltic  rocks  of  paleotypal  habit, 
with  spherulites  of  feldspar  or  augite. 

The  texture  of  these  aphanitic  rocks  varies  greatly  in  different 
rocks;  from  porphyritic  to  non-porphyritic;  from  holocrystal- 
line  to  glassy;  microgranular,  ophitic,  intersertal,  with  various 
fabrics  in  the  interstitial  portions,  prismoid,  pilotaxitic,  and 
microlitic. 

Transitions  to  andesite  accompany  decrease  in  the  calcic 
character  of  the  feldspars  and  in  the  amount  of  olivine.  With 
increase  in  potash-feldspar  there  is  gradation  to  latites,  trachy- 
dolerites,  etc.  With  addition  of  nephelite,  sodalites,  or  leucite 
the  rocks  pass  into  basanite,  and  with  decrease  of  feldspars 
and  increase  in  ferromagnesian  constituents  they  grade  into 
limburgites  and  lamprophyric  varieties. 

C  2.  ALUVALITE,  GABBRO»  AHD  BASALT  (IN  PART) 

Rocks  composed  of  the  same  minerals  as  those  characteristic 
of  the  gabbro  group  just  described,  C  1,  but  with  abundant 
ferromagnesian  minerals,  are  common,  and  in  only  a  few  cases 
have  been  distinguished  from  those  with  preponderant  soda- 
calcic  feldspars.  They  are  called  generally  gabbro,  in  much 
fewer  instances  diorite,  and  the  aphanitic  forms  are  usually 
called  basalt,  diabase,  etc. 

(a)  Phanerocrystalline  Texture,  —  Gabbro  (in  part),  diorite 
(in  very  small  part),  diabase  (in  part). 

^  Gumbel,  1874.        >  Palassou,  1819.        '  Aldrovande,  1648. 
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Allivaute.*  —  Anorthite  and  olivine  in  nearly  equal  amounts 
or  with  a  preponderance  of  anorthite;  sometimes  small  amounts 
of  other  minerals,  oftenest  augite.  Texture  granular,  some- 
times with  parallel  arrangement  of  tabular  feldspars. 

Harrisite.'  —  Preponderant  olivine  with  subordinate  anor- 
thite, and  sometimes  a  little  pyroxene.  The  olivine  is  black, 
and  the  rocks  are  granular,  in  some  cases  with  a  radial  arrange- 
ment, in  others  with  lamellar  intergrowth  of  the  olivine  and 
feldspar.  Harrisite  and  allivalite  grade  into  anorthosite  on  the 
one  hand  and  into  peridotites  on  the  other. 

(6)  Aphanitic  Texture,  sometimes  porphyritic. 

a.  Cenotypal  Habit 

Basalt  (in  part). — Containing  the  same  minerals  as  ordi- 
nary basalt,  but  with  preponderant  pyroxene  and  olivine,  some- 
times with  small  amount  of  feldspathoid. 

Hornblende-basalt  (in  part). 

p.  Paleotypal  Habit 

Diabase  and  melaphyre  (in  part). 

Odinite."  —  Small  phenocrysts  of  labradorite  and  augite, 
sometimes  hornblende,  in  a  groundmass  of  microscopic  pris- 
moids  of  feldspar  and  hornblende.     Gabbro-lamprophyre. 

(AB)  C  3.  PERIDOTITE,  PYROXENITE,  AND  LXMBURGITE 

Chiefly  ferromagnesian  minerals,  without  feldspar  or  felds- 
pathoids,  or  with  very  small  amounts  of  these  minerals.  The 
principal  constituents  may  be  pyroxene,  diopside,  augite,  ensta- 
tite,  or  hypersthene,  olivine,  hornblende,  or  biotite;  in  some 
cases  titaniferous  magnetite,  ilmenite,  pyrrhotite,  or  pyrite; 
besides  smaller  amounts  of  perovskite,  picotite,  spinel,  chromite, 
garnet,  apatite,  etc. 

These  rocks  are  in  most  instances  related  directly  through 
transitions  with  those  of  division  III,  C  2;  that  is,  with  soda- 
calcic  feldspar  rocks  rich  in  ferromagnesian  minerals,  and  so 
they  are  all  treated  together  in  this  connection.  They  form 
subdivision  3  of  division  III,  C.  However,  some  are  directly 
related  with  nephelite-leucite  rocks  rich  in  ferromagnesian  min- 
erals; V,  A  2,  of  which  they  form  subdivision  3.     And  there  are 

>  Harker,  1908.  '  Idem,  1908.  '  Chelius,  1892. 


PERIDOTITE,  PYROXENTTE,  AND  LIMBURGITE  381 

probably  rocks  of  this  group  which  bear  similar  relations  to 
the  highly  ferromagnesian  divisions  of  other  divisions,  such  as, 
III,  B  2,  but  if  so,  they  are  rare. 

(a)  PhanerociTStalline  Textures,  rarely  porphyritic. 

Peridotite.^  —  Chiefly  olivine,  with  pyroxene,  hornblende,  or 
mica.  The  olivine  is  often  partly  altered  to  serpentine;  frequently 
completely  so.  According  to  the  preponderant  or  characteristic 
mineral  there  are  the  following  varieties: 

Wehrlite.'  —  Chiefly  olivine  and  monoclinic  pyroxene,  diop- 
side,  augite,  or  diallage;  sometimes  contains  hornblende,  usually 
small  amounts  of  chromite  and  spinel;  occasionally  chromium- 
garnet. 

Eulysite.*  —  Wehrlite  rich  in  garnet. 

Harzburgite,^  or  saxonite.*  —  Chiefly  olivine  and  ortho- 
rhombic  pyroxene,  hypersthene,  or  enstatite  (bronzite);  some- 
times with  hornblende  and  biotite.  Commonly  contains  chromite 
or  picotite;   rarely  awaruite. 

Lherzolite.'  —  Chiefly  olivine  with  monoclinic  and  ortho- 
rhombic  pyroxenes,  diallage  (chromdiopside),  and  bronzite. 
Commonly  with  picotite,  chromite,  spinel,  and  iron  oxide;  some- 
times garnet,  and  other  minerals. 

Picrite,^  picrite-porphyry.  —  Chiefly  olivine  and  augite; 
sometimes  with  biotite,  hornblende,  and  orthorhombic  pyroxene, 
or  a  little  soda-calcic  feldspar;  medium  to  fine-grained  texture, 
sometimes  slightly  porphyritic.  Usually  highly  altered  with 
abundant  serpentine  and  chlorite. 

Hornblende-picrite,  hornblende-peridotite.  —  Chiefly 
olivine  and  hornblende,  sometimes  with  pyroxene  and  biotite. 

CoRTLANDTiTE.'  —  Chiefly  hornblende,  poikilitic  with  smaller 
crystals  of  olivine,  augite,  and  hypersthene,  sometimes  a  little 
feldspar. 

ScYELiTE.*  —  Chiefly  biotite,  olivine,  and  hornblende,  with 
bronzite  and  chromite. 

MiCA-PERiDOTiTE.  —  Chiefly  olivine  and  biotite,  with  much 
spinel,  some  ilmenite,  and  occasionally  calcic  plagioclase  and 
augite. 

»  Cordier,  1868.  '  Kobell,  1838.  »  Erdmann,  1849. 

*  Rosenbusch,  1887.        ■  Wadsworth,  1884.        •  Leli^vre,  1787. 
'  Tschermak,  1866.  ■  G.  H.  Williams,  1886.    •  Judd,  1885. 
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KiMBERLiTE.*  —  Chiefly  olivine,  and  biotite,  with  pyroxene, 
often  porphyritic  and  fine-grained. 

DuNiTB.*  —  Chiefly  olivine;  sometimes  with  small  amounts  of 
chromite,  ilmenite,  and  pyroxene.     Usually  evenly  granular, 

Pyroxenite.'  —  Chiefly  pyroxene,  with  small  amounts  of 
olivine,  hornblende,  iron  oxides,  spinels,  and  feldspar.  Accord- 
ing to  the  kind  of  pyroxene  there  are: 

DiALLAGITE,  ENSTATITITE   (BRONZITITE),  HYPERSTHENITE. 

Websterite.*  —  A  pyroxenite  composed  of  monoclinic  and 
orthorhombic  pyroxenes. 

Ariegite.*  —  Chiefly  monoclinic  pyroxene  with  green  spinel. 
The  pyroxene  is  sometimes  diopside  or  diallage,  with  a  little 
bronzite.  There  may  also  be  present  hornblende  and  garnet, 
yielding  mineral  varieties  of  ariegite.     Texture  evenly  granular. 

HoRNBLENDiTE.*  —  Chiefly  hornblende,  with  small  amounts  of 
biotite,  pyroxene,  and  olivine;  sometimes  pyrope. 

Pyrrhotite-peridotite.  —  Chiefly  olivine  and  pyrrhotite, 
with  some  labradorite-andesine,  hornblende,  and  magnetite; 
besides  a  little  chalcopyrite,  pyrite,  biotite,  and  spinel.  Tex- 
ture granular,  medium  to  coarse  grained. 

Magnetite-olivenite.  —  Chiefly  titaniferous  magnetite   and 

olivine. 

Ilmenite-enstatitite.  —  Ilmenite  and  enstatite. 

Titaniferous-magnetite  rock.  —  Bodies  of  iron  ore  which 
are  segregations  or  differentiation  facies  of  gabbro  magmas. 

(6)  Aphanitic  Texture.  —  Rocks  having  the  mineral  compo- 
sition of  the  peridotites  and  pyroxenites  and  an  aphanitic  tex- 
ture are  rare,  partly  because  magmas  of  such  compositions  have 
seldom  solidified  under  conditions  producing  aphanitic  textures, 
that  is,  very  rapidly;  partly  because  those  that  have  cooled 
rapidly  as  lavas,  or  as  comparatively  small-sized  bodies,  have 
crystallized  into  rocks  containing  appreciable  amounts  of  felds- 
pathic  or  feldspathoid  minerals.  That  is,  certain  ferromagnesian 
minerals  occurring  in  some  of  the  phanerocrystalline  forms 
of  these  rocks  contain  enough  aluminium  to  produce  notable 
amounts  of  feldspars  or  feldspathoids  if  it  separated  independent 
of  the  magnesium  and  iron,  which  it  appears  to  do  in  the  lava 

»  Carvill  Lewis,  1887.        '  von  Hochstetter,  1864.         •  Coquand,  1857. 
*  G.  H.  Williams,  1890.     •  Lacroix,  1900.  «  J.  D.  Dana,  1880. 
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forms  of  these  magmas.  Thus  some  rocks  which  are  chemi- 
cally alike  are  separated  from  one  another  in  a  strictly  minera- 
logical  classification.  The  rocks  placed  in  this  division  are  in 
some  cases  most  intimately  related  to  highly  ferromagnesian 
varieties  of  division  V,  in  which  the  feldspathic  components 
are  chiefly  nephelite  or  leucite;  in  other  cases  they  are  directly 
related  to  the  phanerocrystalline  rocks  just  described  as  perido- 
tites  and  pyroxenites. 

a.  Cenotypal  Habit 

Rocks  of  this  division  are  mostly  lavas  related  to  nephelite 
and  leucite  rocks.  They  grade  into  rocks  with  notable  amounts 
of  feldspathoidsy  which  often  are  called  by  the  same  names  as 
those  classed  here. 

LiMBURGiTE.*  —  Chiefly  olivine  and  augite,  often  titaniferous, 
sometimes  with  aegirite-augite,  magnetite,  x)r  ilmenite,  rarely 
hornblende  and  small  amounts  of  feldspar,  nephelite,  or  hauy- 
nite,  besides  glass  base  which  is  partly  feldspathic. 

AuGiTiTE.'  —  Like  limburgite  without  olivine.  These  rocks 
approach  peridotites  and  pyroxenites  in  composition  and  are 
nearly  end  products  of  differentiation  of  nephelite-syenitic  rocks. 

p.  Paleotypal  Habit  —  Rocks  of  this  division  are  represented 
by  some  picrite-porphyries  in  which  the  groundmass  is  aphanitic. 
They  have  been  described  under  Picrite. 

IV.   ROCKS   CHARACTERIZED   BT  FELDSPAR   AND 

FELDSPATHOIDS 

Nephelite,  sodalites,  or  leucite,  with  various  amounts  of 
ferromagnesian  minerals.  The  relative  amounts  of  feldspars 
and  feldspathoids  vary  within  wide  limits,  from  almost  no 
feldspathoid  when  the  rocks  belong  to  division  III  to  almost 
no  feldspar  when  the  rocks  are  in  division  V.  According  to 
the  character  of  the  preponderant  feldspar  there  are  the  follow- 
ing groups:  A.  Chiefly  alkalic  feldspars,  nephelite-syenites 
and  PHONOLiTES,  etc.  B.  Chiefly  calci-alkalic  feldspars,  ther- 
ALiTE  (in  part),  and  tephrites.  C.  Chiefly  soda-calcic  feldspars^ 
BASANiTES,  and  others. 

*  Rosenbusch,  1872.  >  Doelter,  1882. 
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A  z.    NEPHELITE-SYElirrB  AJXD  PHONOLITE 

Chiefly  alkali-feldspar  and  feldspathoids;  that  is,  orthoclase, 
microcline,  microperthite,  soda-orthoclase,  soda-microeline 
(anorthoclase),  albite,  with  nephelite  (eleolite),  cancrinite, 
sodalite;  rarely  haiiynite,  noselite,  or  leucite.  With  these  may 
be  combined  in  some  cases  a  lime-soda-feldspar,  more  com- 
monly biotite  (lepidomelane),  various  amphiboles  and  pyrox- 
enes chiefly  sodic;  besides  iron  oxides,  apatite,  zircon,  titanite, 
and  garnet;  more  rarely  eudialyte,  and  in  pegmatite  rocks 
lavenite,  rosenbuschite,  and  others. 

(a)  Phanerocrystalline  Texture,  sometimes  porphyritic. 

Nepheute-syenite  (eleolite-syenit^  ^).  —  General  name  for 
any  rock  having  the  composition  just  given,  when  nephelite 
(eleolite)  is  the  characteristic  feldspathoid. 

MuscoviTE-NEPHELiTE-sYENiTE.  —  Commonly  pegmatite,  of 
very  coarse  grain,  sometimes  with  corundum  and  sodalite;  the 
feldspar  is  albite  in  certain  instances. 

CoRUNDUM-NEPHELiTE-SYENiTE.  —  Chiefly  albite,  nephelite, 
and  corundum,  with  muscovite  and  sodalite. 

Mariupolite.*  —  Chiefly  albite  in  equant  anhedrons,  with 
large  crystals  of  nephelite,  needles  of  segirite,  and  a  little  lepi- 
domelane. 

Litchfieldite.'  —  Chiefly  microcline,  albite,  nephelite,  with 
lepidomelane,  cancrinite,  and  sodalite.  Fine-grained,  evenly 
granular,  with  streaked  heterogeneous  character,  resembling 
gneissic  texture. 

DiTROiTE.*  —  Chiefly  microcline  and  sodalite,  with  nephelite, 
cancrinite,  a  little  woUastonite,  besides  biotite,  hornblende,  and 
other  minerals;  evenly  granular  texture.  Brogger  has  applied 
the  term  ditroite  to  all  granular  nephelite-syenites. 

SoDALiTE-BYENiTE  (in  part).  —  Nephelite-syenite  rich  in 
sodalite,  30  to  40  per  cent,  also  containing  eudialyte,  segirite, 
and  arfvedsonite.  The  same  name  is  also  used  for  syenites  with 
little  sodalite  and  no  nephelite  (p.  363). 

Cancrinite-syenite.— Chiefly  orthoclase,  microcline,  (?)  albite, 
with  cancrinite,  sometimes  29  per  cent;  less  nephelite,  aegirite, 
ffigirite-augite,  titanite,  and  apatite. 

»  Blum,  1861.  »  Morozewicz.  1902. 

»  Bayley,  1892.  *  Zirkel,  1866. 
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MiASCiTE.*  —  Chiefly  alkali-feldspar,  nephelite,  and  biotite, 
with  other  minerals  in  small  amount. 

FoYAiTE.'  —  Chiefly  alkali-feldspar,  nephelite,  and  aegirite  or 
segirite-augite,  in  some  instances  with  amphibole  and  biotite 
and  smaller  amounts  of  other  minerals.  Rosenbusch  uses 
foyaite  as  a  general  term  for  nephelite-syenite,  and  recognizes 
pyroxene-foyaites,  amphibole-foyaites,  mica-foyaites.  Brogger 
uses  foyaite  for  nephelite-syenites  with  pronounced  tabular  fabric 
or  trachytoid  texture. 

Laurdalite.'  —  Chiefly  soda-orthoclase  and  soda-microcline 
and  nephelite,  with  lepidomelane  and  diopside,  and  small 
amounts  of  apatite,  titaniferous  magnetite,  and  olivine.  Tex- 
ture coarse-grained,  sometimes  porphyritic,  feldspars  with  tabu- 
lar forms  that  yield  crude  rhombic  sections. 

LujAURiTE.*  —  Chiefly  alkali-feldspar  and  nephelite,  with 
eudialyte  and  considerable  SBgirite,  sometimes  arfvedsonite. 
Texture  tabular,  often  with  pronounced  parallel  arrangement. 
The  ferromagnesian  minerals  are  in  relatively  small  crystals 
between  the  feldspars. 

PsEUDOLEUciTE-SYENiTE.  — Chiefly  alkali-feldspars,  with  nephe- 
lite or  sodalites,  and  pseudomorphs  after  leucite,  usually  consist- 
ing of  orthoclase  and  nephelite.  Texture  granular,  somewhat 
porphyritic,  with  phenocrysts  of  pseudoleucite. 

BoROLANiTE.*  —  Chiefly  orthoclase  and  nephelite,  often 
graphically  intergrown,  besides  melanite,  diopside,  biotite, 
titanite,  noselite,  and  iron  oxide.     Texture  granular. 

The  texture  of  rocks  of  this  group  is  quite  different  in  differ- 
ent instances,  being  granular  in  some  varieties,  tabular  in  others; 
in  some  cases  porphyritic;  in  some  the  arrangement  of  the 
tabular  feldspars  is  parallel  or  subparallel,  in  others  diverse. 
There  are  aplitic  and  coarsely  pegmatitic  varieties.  The  pro- 
nouncedly porphyritic  fine-grained  forms  are  called  — 

Nephelite-pgrphyry.  —  With  nephelite  phenocrysts. 

PsEUDOLEUCiTE-poRPHYRY.  —  With  phenocrysts  of  pseudo- 
leucite. 

Rhombenporphyry  (in  part).  —  Some  phanerocrystalline 
rhombenporphyry  contains  notable  amounts  of  nephelite. 

>  Ro8C,  (?)  1839.  "  Blum,  1861.  '  Brtgger.  1890. 

*  Ramsay,  1894.  »  TeaU,  1892. 
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Transitions  of  these  rocks  through  increase  in  nephelite  or 
sodalite  and  decrease  of  feldspars  lead  to  urtite  and  sodalite- 
rock.  With  decrease  of  feldspathoids  they  grade  into  syenites. 
With  increase  of  lime-soda-feldspar  they  pass  into  theralites 
and  essexites. 

(6)  Aphanitic  Texture,  often  porphyritic.  Phonolite,  tin- 
GUAITE.  —  When  porphyritic  the  chief  phenocrysts  are  sani- 
dine,  or  soda-microcline  and  nephelite,  or  leucite,  with  fewer  of 
pyroxene,  amphibole,  biotite,  and  the  sodalites.  The  ground- 
mass  consists  of  alkali-feldspar,  with  some  feldspathoids,  and 
small  amounts  of  the  ferromagnesian  minerals,  often  sodic 
varieties.  Non-porphyritic  or  very  slightly  porphyritic  varieties 
are  common. 

a.  Cenotyp&l  Habit 

Phonolite.^  —  Chiefly  sanidine  or  soda-microcline,  with  neph- 
elite, often  sodalite,  haiiynite,  or  noselite;  very  rarely  lime- 
soda-feldspar;  diopside,  aegirite-augite,  aegirite,  bar kevi kite, 
often  melanite,  sometimes  biotite,  olivine.  The  proportions  of 
feldspar  and  nephelite  vary  greatly.  Rocks  rich  in  feldspar  have 
a  trachytic  texture;  those  rich  in  nephelite  have  a  nephelinitic 
texture.     Glassy  varieties  are  rare. 

Apachite.^  —  Nephelinitoid  phonolite  with  phenocrysts  of 
feldspar  and  nephelite  surrounded  by  crystals  of  aegirite,  bar- 
kevikitic  and  arfvedsonitic  amphibole,  sometimes  aenigmatite, 
producing  ocellar  fabric,  that  is,  more  or  less  radiating  inter- 
growths  with  the  feldspathic  minerals. 

Leucite-phonolite.  —  Phonolite  containing  leucite  in  addi- 
tion to  the  minerals  named  above,  often  rich  in  haiiynite,  some- 
times with  melanite,  and  poor  in  feldspar.  These  rocks  are 
also  called  leucitophyre  (Rosenbusch).  Leucite-phonolite  is 
also  defined  by  Rosenbusch  as  rocks  like  phonolite  in  which 
nephelite  is  absent  and  leucite  takes  its  place.  Such  rocks  are 
called  LEUCiTE-TRACHYTE  by  some  petrographers  (Zirkel). 

p.  P&leotjrpal  Habit 

TiNGUAiTE.'  —  Chiefly  alkali-feldspars;  orthoclase,  microcline, 
perthite,  soda-microcline,  nephelite,  with  considerable  aegirite,  and 
sometimes  biotite,  leucite,  sodalite,  and  rarer  minerals.     These 

*  Klaproth,  1801.  »  Osann,  1896.  •  Rosenbusch,  1887. 
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minerals  may  be  phenocrysts  in  a  groundmass  of  the  same,  when 
the  rock  is  sometimes  called  tinguatte-porphyry. 

Leucite-tinguaite.  —  Tinguaite  in  which  leucite  occurs  in 
place  of  some  of  the  nephelite,  but  in  all  cases  studied  the 
leucite  is  altered  either  into  pseudomorphs  or  into  analcite.  The 
porphyritic    varieties    have    been    called    leucite-tinguaite- 

PORPHYRY. 

Nephelite-rhombenporphyry.  —  Rhombenporphyry  (p.  364) 
with  notable  amounts  of  nephelite. 

Transitions  of  phonolites  into  trachytes  accompany  decrease 
of  feldspathoids.  With  increase  in  feldspathoids  and  decrease  in 
feldspars  they  pass  into  nephelinites  and  leucitites,  and  with 
increase  in  lime-soda-feldspars  they  grade  into  tephrites.  Tin- 
guaites  pass  into  solvsbergites  with  decrease  of  feldspathoids. 

A  2.  REPHELITE-MALIGmTE  AND  ORENDITE 

Rocks  composed  of  the  same  minerals  as  those  forming 
nephelite-syenite,  but  with  abundant  ferromagnesian  minerals, 
are  very  rare,  and  have  been  found  in  only  a  few  localities. 

(a)  Phanerocrystalline  Texture. 
Nephelite-malignite.  —  Chiefly    orthoclase    and    nephelite 

with  aegirite-augite,  a  little  biotite,  apatite,  and  titanite.  The 
feldspathic  and  ferromagnesian  minerals  are  in  about  equal 
proportions. 

Shonkinite  (in  part).  —  Some  rocks  called  shonkinite  (p.  367) 
have  a  notable  amount  of  nephelite  and  sodalite,  and  belong  to 
this  group. 

(b)  Aphanitic  Texture, 
a.   Cenotyp&l  Habit 

Orendite.^  —  Chiefly  leucite,  sanidine,  diopside,  and  phlogo- 
pite,  and  a  small  amount  of  amphibole.  An  aphanitic  rock 
with  many  small  phenocrysts  of  phlogopite. 

Wyomingite.*  —  Chiefly  leucite,  diopside,  phlogopite,  and  a 
glass  base,  probably  composed  largely  of  potash-feldspar. 
Phenocrysts  of  phlogopite  in  an  aphanitic  groundmass,  closely 
related  to  orendite. 

p.  Paleotypal  Habit  —  It  is  probable  that  some  rocks  classed 
as  camptonite  and  monchiquite  belong  in  this  group. 

»  Cross,  1897. 
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B  X.  THERALITE  AUD  TBPHRITE 

Chiefly  calci-alkalic  feldspars,  orthoclase  with  andesine-labra- 
dorite,  or  andesine  only,  with  feldspathoids,  nephelite,  leucite, 
and  the  sodalites,  and  subordinate  amounts  of  ferromagnesian 
minerals,  pyroxenes,  amphiboles,  biotite,  and  olivine.  The 
phanerocrystalline  forms  of  these  rocks  are  rare;  the  aphanitic 
varieties  more  common. 

(a)  Phanerocrystalline  Texture. 

Theralites.*  —  Chiefly  lime-soda-feldspar  and  nephelite,  with 
diopside,  augite,  ©girite-augite,  less  barkevikitic  hornblende,  a 
little  biotite,  olivine,  and  apatite.  The  feldspar  is  properly 
andesine;  varieties  with  albite  belong  with  nephelite-syenites. 
With  increase  in  the  calcic  character  of  the  feldspar  the  rocks 
pass  into  teschenite  and  essexite.  The  texture  is  granular, 
sometimes  slightly  porphyritic. 

Essexite^  (in  part).  —  Andesine,  with  some  labradorite  and 
orthoclase;  also  nephelite  or  sodalite;  besides  augite,  biotite, 
sodic  hornblende,  and  sometimes  olivine.     Texture  granular. 

(b)  Aphanitic  Texture. 

a,  CenotypBl  Habit 

Tephrite.'  —  Chiefly  andesine,  with  oligoclasfe  or  labradorite, 
sometimes  sanidine,  nephelite,  haiiynite,  and  augite,  sometimes 
titaniferous,  aegirite-augite,  segirite,  less  hornblende,  and  little 
olivine;  rarely  melanite,  perovskite,  and  picotite.  Often  por- 
phyritic, the  feldspar  phenocrysts  being  more  calcic  than  those 
in  the  groundmass.  With  increase  in  olivine  tephrites  pass  into 
basanite,  in  which  the.  feldspars  are  more  calcic  than  in  tephrites. 

Leucite-tephrite.  —  Chiefly  andesine-labradorite  and  leucite, 
with  nephelite,  sodalites,  and  the  same  ferromagnesian  minerals 
as  in  tephrite.  With  increase  in  olivine  there  is  transition  to 
leucite-basanite. 

KuLAiTE.*  —  A  porphyritic  basaltic  lava  with  phenocrysts  of 
hornblende,  augite,  and  olivine  in  a  glassy,  microlitic  groundmass 
which  contains  lime-soda-feldspar  and  sometimes  leucite.  Its 
chemical  composition  indicates  the  presence  of  nephelite.  It 
has  also  been  called  hornblende-basalt. 

>  Rosenbusch,  1887.  '  Sears,  1891. 

»  Cordier,  1816.  *  H.  S.  Washington,  1900. 
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Transitions  from  tephrite  to  phonolite  accompany  change  in 
feldspars  from  calci-alkalic  to  alkalic.  There  is  gradation  into 
latites  or  trachydolerites  with  decrease  in  feldspathoids,  and  with 
accession  of  olivine  into  basanites. 

B  2.  THERALITE  m  PART 

Rocks  of  this  group  with  preponderant  ferromagnesian  min- 
erals have  not  received  specific  names  as  yet,  but  their  occur- 
rence has  been  noted.  In  one  instance  a  rock  called  theralite 
contains  80  per  cent  of  ferromagnesian  minerals. 

Farrisite.*  —  An  aphanitic  rock  containing  secondary  zeo- 
lites possibly  belongs  in  this  group.  It  consists  of  barkevikite 
and  diopside,  with  small  amounts  of  lepidomelane,  olivine,  and 
magnetite,  and  over  30  per  cent  of  zeolites. 

c  X.  teschehite  and  basanite 

Chiefly  soda-calcic  feldspar,  labradorite,  with  nephelite,  leucite, 
sodalites  and  pyroxenes,  olivine,  some  amphibole,  and  biotite. 

(a)  Phanerocrystalline  Texture.  —  There  are  very  few  rocks 
that  are  known  to  belong  in  this  division. 

TfiSCHENrrE.^  —  Chiefly  soda-calcic  feldspar  and  analcite,  which 
may  be  an  alteration  product  from  nephelite;  also  augite,  bark- 
evikitic  hornblende,  some  biotite,  and  apatite.  Texture  evenly 
granular,  sometimes  slightly  porphyritic,  very  similar  to  theralite. 

(&)  Aphanitic  Texture. 
a.  Cenotypal  Habit 

Rocks  of  this  kind  are  well  known  among  certain  volcanic 
lavas.     They  are: 

Basanite.'  —  Chiefly  labradorite,  nephelite,  and  sodalites  with 
augite,  aegirite-augite,  and  olivine,  sometimes  barkevikitic  horn- 
blende; also  apatite,  melanite,  perovskite,  and  picotite.  Usually 
porphyritic. 

Leucite-basanitb.  —  Basanite  with  leucite,  often  as  pheno- 
crysts. 

These  rocks  grade  into  tephrite  and  leucite-tephrite  with 
decrease  in  olivine,  and  with  decrease  in  feldspar  they  pass  into 
nephelinite  and  leucitite.  When  there  is  olivine  the  gradation 
is  into  nephelite-basalt  and  leucite-basalt. 

»  BrOgger,  1898.  '  Hohenegger,  1861.         '  Brongniart,  1813. 
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C  2.  BASAIQTE  Ef  PART 

Rocks  of  this  group  with  preponderant  ferromagnesian  min- 
erals have  received  no  special  names.  They  would  be  classed  as 
basanites. 

V.     ROCKS  CHARACTERIZED  BT  FELDSPATHOIDS 

Rocks  without  feldspars,  or  with  very  little,  having  felds- 
pathoids,  nephelite,  leucite,  or  the  sodalites,  together  with  fer- 
romagnesian minerals.  These  rocks  are  not  very  numerous. 
Owing  to  the  alkalic  character  of  the  feldspathoids  they  may  be 
placed  in  the  table  as  in  division  A  with  rocks  characterized  by 
alkalic  feldspars.  In  the  rocks  rich  in  sodic  feldspathoids, 
nephelite,  and  sodalites,  the  associated  ferromagnesian  minerals 
are  usually  the  sodic  varieties,  in  part  at  least.  In  rocks  poor 
in  sodic  feldspathoids  the  ferromagnesian  constituents  are  gen- 
erally not  the  sodic  varieties. 

A  X.    URTITE  AIVD  SUSSEXITE 

(a)  Phanerocr]rstalline  Texture.  —  Only  a  few  rocks  are  known 
to  belong  to  this  group,  and  they  are  all  phanerocrystalline. 

Urtite.*  —  Chiefly  nephelite,  sometimes  as  much  as  86  per 
cent,  with  small  amounts  of  aegirite,  usually  poikilitic,  with 
nephelite;  also  apatite.  Texture  evenly  granular,  medium  to 
fine  grained. 

SussExiTE.^  —  A  porphyritic  urtite,  having  phenocrysts  of 
nephelite  in  a  fine-grained  to  aphanitic  groundmass  of  nephelite 
and  segirite. 

SoDALiTE-ROCK.  —  A  granular  rock  consisting  almost  wholly 
of  sodalite  from  Kumerngit,  Greenland. 

Tawite.'  —  Chiefly  sodalite  and  pyroxene.  Texture  evenly 
granular  and  coarse-grained.     Sometimes  porphyritic  and  then 

called  TAWITE-PORPHYRY. 

The  association  of  these  rocks  is  with  nephelite-syenite,  from 
which  they  are  differentiation  products. 

(6)  Aphanitic  Texture.  —  There  are  no  proper  aphanitic  equiv- 
alents of  the  rocks  just  defined.  Most  rocks  composed  of  felds- 
pathoids and  ferromagnesian  minerals  are  so  rich  in  the  latter 
that  they  belong  to  the  second  division  of  this  group,  A  2. 

^  Ramsay,  1896.      '  Br5gger,  1894.      '  Ramsay  and  Hackmann,  1894. 


IJOLITE,  NEPHELINITE,  AND   MONCHIQUTTE  391 

A  2.    IJOLITE,  IfEPHELIHITE,  AND  MONCHIQUITE 

Most  of  the  rocks  of  division  V  contain  abundant  ferromag- 
nesian  minerals,  chiefly  pyroxenes,  which  are  sodic  in  the  more 
alkalic  varieties  of  the  rocks,  containing  abundant  feldspathoids, 
besides  olivine  in  some  instances  and  mica  in  others.  Magne- 
tite is  present  in  large  amounts  in  some  cases.  Transitions  to 
rocks  composed  almost  wholly  of  ferromagnesian  minerals  occur. 

(a)  Phanerocrystalline  Texture.  —  Rocks  of  this  texture  are 
rare,  and  are  mostly  associated  with  nephelite-syenites  as 
extreme  products  of  differentiation.  In  one  case,  nephelinite,  • 
the  rock  is  usually  classed  with  the  aphanitic  rocks  because 
most  known  rocks  of  like  composition  are  aphanitic,  but  in  certain 
instances  the  rock  is  phanerocrystalline. 

Ijolite.*  —  Chiefly  nephelite  and  pyroxene  in  nearly  equal 
proportions;  besides  augite  and  segirite-augite,  apatite,  and 
titanite;  sometimes  titaniferous  melanite.  Texture  evenly 
granular. 

Nephelinite'  (in  part).  —  Chiefly  nephelite  and  pyroxene  in 
nearly  equal  amounts,  diopside,  aegirite-augite,  SBgirite,  apatite 
and  titaniferous  iron  oxides,  magnetite  and  ilmenite,  and  small 
amounts  of  many  other  minerals,  sanidine,  lime-soda-feldspar, 
sodalites,  leucite,  melanite,  etc.  Very  similar  to  ijolite.  Evenly 
granular  rock,  grading  into  aphanitic  and  porphyritic  varieties. 

MissouRiTE.'  —  This  rock,  which  is  probably  the  only  unal- 
tered phanerocrystalline  leucite-bearing  rock  known,  consists  of 
50.0  augite,  15.0  olivine,  6.0  biotite,  16.0  leucite,  8.0  analcite, 
and  5.0  apatite  and  iron  oxides.  Texture  evenly  granular, 
medium  to  fine  grained. 

Jacupirangite.*  —  Chiefly  titaniferous  augite,  magnetite,  and 
ilmenite,  with  nephelite,  apatite,  and  a  little  perovskite.  In 
some  varieties  the  nephelite  nearly  equals  the  other  components 
in  amount;  in  others  the  iron  oxides  constitute  nearly  the  whole 
rock.     Evenly  granular  and  medium  to  fine  grained. 

(&)  Aphanitic  Texture,  often  porphyritic. 

a.  Cenotypal  Habit  —  These  rocks  are  the  non-feldspathic 
basalt  lavas  for  the  most  part,  commonly  associated  with 
phonolites. 

»  Ramsay  and  Berghell,  1891.  •  Cordier,  1868. 

»  Weed  and  Pirason,  1896.  *  Derby,  1891. 
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Nephelinite  (in  part).  —  Composition  as  described  above; 
often  porphyritic,  with  phenocrysts  of  the  chief  mineral  con- 
stituents. In  addition  to  the  minerals  already  named  there 
may  be  small  amounts  of  basaltic  hornblende  or  katoforite, 
olivine,  melilite,  perovskite  and  picotite. 

Hauynophyre  ^  and  noseanite.  —  Nephelinite  in  which  the 
nephelite  is  largely  represented  by  haiiynite  or  noselite. 

Nephelite-basalt.^  —  Like  nephelinite  with  notable  amounts 
of  olivine.     Usually  the  nephelite  is  in  small  amounts. 

Leucitite.'  —  Chiefly  pyroxene,  diopside,  augite,  and  aegirite- 
augite,  with  leucite  and  small  amounts  of  sanidine,  haiiynite, 
melilite,  hornblende,  biotite,  melanite,  perovskite,  and  chromite. 
Sometimes  porphyritic. 

Leucite-basalt.  —  Composition  like  that  of  leucitite  with 
the  addition  of  olivine,  and  with  less  feldspathoid  constituents. 
These  leucite-rocks  are  the  aphanitic  equivalents  of  missourite. 

Madupite.*  —  A  rock  related  to  wyomingite,  composed  of 
diopside,  phlogopite,  perovskite,  and  a  glass  base  which  is  sup- 
posed to  represent  leucite  in  large  part. 

Melilite-basalt.*  —  Chiefly  augite,  olivine,  and  melilite, 
with  magnetite,  perovskite,  picotite  or  chromite,  and  nephelite, 
sometimes  biotite  or  haiiynite.  When  porphyritic  the  pheno- 
crysts are  augite  and  olivine.  In  this  rock  the  feldspathoids  are 
nearly  absent  and  the  composition  approaches  that  of  the 
peridotites  (A  B)  C  3. 

Venanzite,*  euktolite.'  —  Chiefly  olivine,  melilite,  leucite, 
and  phlogopite,  with  some  magnetite;  forming  a  microcrystalline 
groundmass  with  a  few  phenocrysts  of  olivine  and  phlogopite. 

p.  P&leotypsd  Habit,  —  Rocks  occurring  in  small  bodies,  usu- 
ally as  dikes,  and  generally  partly  altered. 

MoNCHiQUiTE.'  —  Chiefly  augite  and  barkevikitic  hornblende; 
often  with  biotite,  olivine,  and  analcite,  or  a  glass  base  having 
the  composition  of  analcite.  When  porphyritic  the  phenocrysts 
are  hornblende,  augite,  or  biotite. 

FouRCHiTE.'  —  A  monchiquite  free  from  olivine. 

»  Rammelsberg,  1860.  »  Zirkel,  1870.  »  Zirkel,  1870. 

*  Cross,  1897.  »  vom  Rath,  1866.  •  Sabatini,  1898. 

'  Rosenbusch,  1899.      "  Rosenbusch  and  Hunter,  1890.  *  J.  F.  Williams,  1890. 
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OuACHiTiTE.*  —  A  fourchite  rich  in  biotite. 

Alnoite.^  —  A  monchiquite  rich  in  olivine  and  biotite,  with 
melilite  and  perovskite.  Usually  porphyritic  with  large  pheno- 
crysts  of  reddish  bronze  biotite. 

These  rocks  are  readily  altered  in  part,  and  those  so  far  inves- 
tigated contain  secondary  minerals  that  indicate  an  easily 
altered  primary  feldspathoid,  nephelite,  analcite,  or  the  soda- 
lites.  The  rocks  are  associated  with  nephelite-syenite,  and  are 
lamprophyric  facies  of  these  magmas. 

>  Kemp,  1890.  >  Rosenbusch,  1887. 


CHAPTER  III 
THE  QUANTITATIVE  CLASSIFICATION  OF  IGNEOUS  ROCKS' 

Introductioii.  —  The  qualitative  mineralogical  system  of 
classification  of  igneous  rocks  has  certain  inherent  serious 
defects  which  render  it  unsatisfactory  for  exact  determination 
and  description  of  such  rocks.  Some  of  these  defects  will  be 
stated  briefly. 

On  account  of  its  manner  of  growth  from  a  period  of  general 
ignorance  of  the  actual  composition  of  rocks,  both  chemical  and 
mineral,  the  present  classification  and  method  of  definition  and 
of  naming  rocks  are  unsystematic.  There  are  few  definite,  clearly 
enunciated  guiding  principles  of  definition  or  classification,  so 
that  they  have  become  largely  subjective,  and  are  capable  of 
being  applied  differently  by  different  petrographers;  with  the 
result  often  that  different  names  have  been  applied  to  the  same 
rock,  and  in  other  cases  the  same  name  has  been  given  to  differ- 
ent rocks. 

In  some  instances  present  systems  of  classification  involve 
theories  and  hypotheses  as  to  origin  and  formation  of  rocks 
which  are  inadequate  or  incomplete,  and  which  introduce  confu- 
sion, uncertainty,  and  sometimes  contradiction  into  the  system. 

Owing  to  the  qualitative  character  of  the  system  in  common 
use  certain  criteria  or  components  have  acquired  much  greater 
prominence  as  a  means  of  classification  than  they  deserve,  as 
is  the  case  with  the  feldspars  and  with  exceptional,  rare  min- 
erals in  some  rocks  in  which  they  are  very  subordinate  com- 
ponents. 

'  The  statement  of  the  system  in  this  chapter  follows  closely  the  text  of 
the  first  puhlications  of  it  by  Cross,  Iddings,  Pirsson,  and  Washington,  to 
which  the  student  is  referred  for  its  fuller  discussion  and  for  the  tables  to  aid 
the  calculation  of  norms  and  modes  of  igneous  rocks,  and  also  for  a  glossary 
of  the  new  terms  employed  in  the  system.  See  the  Journal  of  Otology ,  vol.  10, 
1902,  pp.  555-690;  and  QuarUitaiive  Classification  of  Igneous  Rocks,  The 
University  of  Chicago  Press,  Chicago,  1903. 
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The  qualitative  system  frequently  classifies  rocks  on  a  basis 
of  only  part  of  the  constituents,  as  in  the  case  of  some  por- 
phyritic  rocks,  whereby  rocks  of  distinctly  different  compo- 
sitions are  grouped  together,  and  fundamental  relations  are 
confused  or  ignored. 

The  present  nomenclature  of  petrography,  owing  to  its  unsys- 
tematic development  and  frequent  redefinition,  is  highly  unsatis- 
factory and  confusing.  It  is  inadequate  to  express  relationships 
between  different  groups  of  rocks  in  any  system  of  classification 
because  of  the  application  of  similarly  formed  names  to  divisions 
or  groups  of  rocks  of  very  different  classificatory  significance. 
Thus  granite  may  be  applied  to  rocks  of  quite  different  char- 
acters, and  rockallite  to  a  single  specific  rock  which  may  also  be 
called  granite. 

In  consequence  of  these  and  other  defects  in  the  qualitative 
system  of  classification  a  new  system  of  classification  has  been 
formulated  by  Cross,  Iddings,  Pirsson,  and  Washington  which 
introduces  the  quantitative  element  as  its  basal  principle  and 
considers  the  chemical  composition  of  an  igneous  rock  as  its 
most  fundamental  character,  since  it  is  a  quality  inherent  in 
the  magma  before  its  solidification  and  is  therefore  of  greatest 
importance  for  its  correlation  with  other  igneous  rocks.  In 
this  system  all  rocks  of  like  chemical  composition  are  classed 
together  in  the  first  instance. 

Basis  of  Classification.  —  The  advances  made  in  the  knowl- 
edge of  the  composition,  texture,  and  occurrence  of  igneous 
rocks,  as  well  as  of  the  nature  of  solutions  and  the  laws 
affecting  their  crystallization  and  solidification,  have  justified 
the  consideration  of  the  problem  of  rock  classification  in  the 
light  of  certain  established  facts  of  a  general  nature.  The 
principal  facts  referred  to  are  the  following: 

The  once  molten  or  liquid  condition  of  the  magmas  from 
which  igneous  rocks  have  solidified,  and  the  character  of  such 
magmas  as  solutions,  and  the  chemical  and  physical  properties 
of  such  solutions. 

The  possibility  of  differentiation  of  complex  solutions  by 
known  processes,  under  varying  conditions  of  temperature  and 
pressure,  into  chemically  different  bodies,  and  the  resulting 
variations  in  chemical  composition  in  rock  magmas. 
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The  occurrence  of  notable  chemical  variations  within  igneous 
masses  of  small  volume  in  some  instances,  and  the  uniformity 
in  the  composition  of  large  volumes  of  rock  in  others. 

The  absence  of  fixed  proportions  between  the  chemical  con- 
stituents of  most  rocks,  and  the  gradations  in  chemical  and 
mineral  composition  of  all  igneous  rocks  within  certain  limits; 
together  with  the  comparatively  small  number  of  important 
pyrogenetic  minerals,  and  the  existence  of  certain  rocks  having 
but  one  mineral  component. 

The  fact  that  a  complex  rock  solution  may  crystallize  into 
different  groups  of  minerals  under  different  conditions,  so  that 
rocks  composed  of  different  kinds,  or  different  quantities,  of 
minerals  may  be  chemically  alike. 

The  differences  in  texture  which  may  result  from  differences 
in  physical  conditions  attending  the  crystallization  and  solidi- 
fication of  rock  magmas,  and  the  fact  that  somewhat  similar 
textures  may  be  developed  from  chemically  different  magmas; 
also  the  variability  in  the  crystallinity  of  rocks  and  the  uncrys- 
tallized,  glassy  character  of  many  of  them. 

The  identity  of  unaltered  rocks  of  different  geological  ages, 
and  of  many  rocks  that  had  different  modes  of  occurrence  as 
geological  bodies. 

And,  finally,  the  fact  that  while  the  consanguinity  of  rocks 
belonging  to  one  petrographical  province  is  a  most  fundamental 
relationship,  it  is  to  be  treated  as  a  phase  of  differentiation; 
and  the  gradation  of  one  province  into  others,  and  the  close 
resemblance,  and  sometimes  the  identity,  of  rocks  belonging  to 
various  petrographical  provinces  must  lead  to  the  correlation 
and  classification  of  all  igneous  rocks  from  all  genetically  related 
groups  in  one  comprehensive  system,  based  upon  principles  com- 
mon to  igneous  rocks  in  general. 

The  inherent  characters  of  igneous  rocks  constitute  the  firmest 
basis  on  which  to  construct  a  system  of  classification.  This 
was  recognized  by  the  founders  of  systematic  petrography, 
von  Leonhard  and  Brongniart,  and  has  been  admitted  by  more 
recent  petrographers,  but  has  never  been  consistently  applied 
to  the  development  of  a  petrographical  system.  Of  these  char- 
acters chemical  composition  is  the  most  fundamental,  as  already 
remarked.     Mineral  composition  is  almost  equally  so,  if  it  be 
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considered  in  a  strict  chemical  and  quantitative  manner.  But 
there  are  instances  in  which  rocks  are  not  completely  crystal- 
lized, or  in  which  the  minerals  cannot  be  identified  except  by 
chemical  means,  owing  to  their  minuteness.  Texture  follows 
composition  in  importance,  since  it  is  more  variable  than  min- 
eral composition.  These  are  the  three  inherent  characters  by 
which  rocks  may  be  defined,  named,  and  classified  without  the 
introduction  of  theory  or  hypothesis  as  to  their  formation  or 
mode  of  occurrence. 

In  establishing  a  system  of  divisions  or  groupings  of  all 
known  igneous  rocks  on  the  basis  of  these  inherent  characters 
it  is  to  be  noted  that,  while  the  chemical  composition  is  the 
most  fundamental  characteristic,  there  is  an  absence  of 
stoichiometric  proportions  among  the  chemical  elements  or 
component  oxides.  There  is  no  simple  relation  between  them, 
but  serial  variations  or  gradations,  and  an  absence  of  chemical 
division  lines,  or  of  groups  or  clusters  of  similar  combinations  of 
elements,  as  the  diagrams,  Plates  I,  II,  III,  show.  It  follows, 
then,  that'  any  division  of  igneous  rocks  on  a  purely  chemical 
basis  must  be  arbitrary,  unpractical,  and  unsatisfactory. 

On  the  other  hand,  most  rocks  are  well  characterized  by  the 
minerals  composing  them,  by  their  proportions  when  compared 
with  one  another,  and  by  their  individual  physical  characters, 
together  with  their  size  and  shape.  Rocks  are  most  readily 
described  and  identified  by  their  mineral  characteristics.  But 
these  cannot  be  employed  by  themselves  as  a  basis  for  a  com- 
prehensive and  systematic  classification  of  the  rocks,  partly 
because  some  rocks  are  not  holocrystalline  but  contain  more 
or  less  glass,  and  also  because  soitie  rocks  are  so  fine-grained 
that  the  component  minerals  cannot  be  identified.  Moreover, 
magma  of  a  given  composition  may  crystallize  into  different 
mineral  combinations.  A  classic  example  of  this  principle  is 
furnished  by  the  two  rocks  in  Gran,  Norway,  having  almost 
identical  chemical  compositions,  which  crystallized  so  that  one 
consists  almost  wholly  of  alkalic,  aluminous  hornblende  and 
has  been  called  hornblendite,*  while  the  other  consists  of  horn- 

^  Br6gger,  W.  C.  Die  Eruptivgesteine  des  Kristiania  Gebietes,  III,  p.  93, 
Christiania,  1899;  and  Quar.  Jour.  Geol.  Soc.  London,  vol.  50,  p.  26,  1894. 
For  analyses  see  also  Washington's  Tables,  p.  345,  Nos.  8  and  9. 
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blende,  which  is  less  aluminous,  and  feldspar,  and  has  been 
called  camptonite.  Two  other  rocks  that  are  almost  the  same 
chemically  are  the  nephelite-syenite  of  Beemerville,  N.  J./ 
which  consists  of  orthoclase  and  nephelite  with  some  segirite, 
melanite,  and  biotite,  with  very  small  amounts  of  other  min- 
erals; and  the  leucite-phonolite  of  Bracciano,  Italy,'  which  has 
phenocrysts  of  leucite  and  segirite-augite  in  a  groundmass  of  the 
same  pyroxenes,  alkalic  feldspar,  nephelite,  and  a  little  leucite, 
haiiynite,  and  magnetite.  Still  other  examples  may  be  found 
upon  comparing  some  quartz-diorites  and  pyroxene-andesites. 
At  Electric  Peak  and  Sepulchre  Mountain,  Yellowstone  National 
Park,'  there  are  rocks  of  almost  identical  chemical  compositions 
which  have  crystallized,  in  one  case  with  lime-soda-feldspar, 
hornblende,  biotite,  a  little  pyroxene,  orthoclase,  and  quartz,  as 
quartz-mica-diorite;  and  in  another  instance  with  lime-soda- 
feldspar,  augite,  hypersthene,  and  magnetite,  as  pyroxene- 
andesite.  From  this  it  is  evident  that  if  classed  in  the  first 
instance  on  a  basis  of  mineral  composition  some  rocks  that  are 
chemically  alike  would  be  separated  from  one  another.  Never- 
theless, whether  holocrystalline  or  vitreous,  all  igneous  rocks 
may  be  correlated  by  considering  what  mineral  combinations 
may  develop  from  their  magmas  if  completely  crystallized.  And 
since  various  mineral  combinations  are  possible  for  most  magmas, 
it  is  necessary  to  select  some  one  of  these  combinations  as  a 
standard  of  comparison.  And  for  uniformity  and  simplicity  it  is 
necessary  to  select  the  same  one  for  all  rocks  having  like  chem- 
ical composition.  This  may  be  termed  the  standard  mineral 
COMPOSITION,  and  may  or  may  not  correspond  to  the  actual 
MINERAL  COMPOSITION  of  a  particular  rock.  The  quantitative 
classification  of  igneous  rocks  is  based  on  the  chemical  compo- 
sition of  the  rocks  expressed  in  terms  of  their  standard  mineral 
composition.      It  is  a  quantitative   chemico-mineralogical 

CLASSIFIC  ATION. 

»  Bulletin  150,  U.  S.  Geological  Survey,  1898,  p.  209. 
'  Washington,  H.  S.    Jour.  Geol.,  vol.  V,  1897,  p.  43. 
'  Iddings,  J.  P.    Twelfth  Ann.  Rept.  U.  S.  Geological  Survey,  Washington, 
1892,  p.  653,  and  Monograph  32,  Part  2,  1899,  p.  142  et  aeq. 
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The  reasons  for  selecting  certain  pyrogenetic  minerals  as  those 
best  adapted  for  the  classification  proposed  will  appear  from  a 
brief  consideration  of  the  chemical  composition  of  the  important 
pyrogenetic  minerals.  These  may  be  arranged  in  several  groups 
on  a  basis  of  their  composition  and  their  association  in  igneous 
rocks.     They  are: 

A  Silica  and  alumina  uncombined:  quartz  (tridymite) 
and  corundum,  with  zircon,  which,  though  commonly  present  in 
small  amounts,  is  oftenest  found  in  rocks  rich  in  silica  or  the 
alkalies  and  alumina. 

B.  Aluminous  non-ferromagnesian  minerals:  orthoclase, 
albite,  anorthite,  and  mixtures  of  these;  also  leucite,  analcite, 
nephelite,  sodalite,  haiiynite,  noselite,  cancrinite,  and  muscovite. 

C.  Aluminous  ferromagnesian  and  calcic  silicates, 
intermediate  between  B  and  D:  aluminous  pyroxenes  and 
amphiboles,  biotite,  garnet,  tourmaline,  melilite,  and  some 
spinels. 

D.  Non-aluminous  ferromagnesian  and  calcic  siu- 
cates:  hypersthene,  enstatite,  diopside,  hedenbergite,  acmite, 
olivine,  fayalite,  forsterite,  and  akermanite. 

E.  Non-siliceous  and  non-aluminous  minerals  and  ti- 
TANOSiLicATEs:  magnetite,  hematite,  ilmenite,  apatite,  titanite, 
perovskite,  fluorite,  together  with  the  native  metals  and  cer- 
tain other  metallic  oxides  and  sulphides. 

In  order  to  express  the  chemical  composition  of  a  rock  in 
terms  of  its  standard  minerals  all  that  are  necessary  for  the 
expression  must  be  taken  into  account  in  their  proper  pro- 
portions. Each  standard  mineral  must  be  given  its  correct 
quantitative  value.  Owing  to  the  number  of  standard  minerals 
necessary  to  express  most  rocks  the  arrangement  and  system- 
atic grouping  for  purposes  of  classification  is  a  very  intricate 
problem  involving  numerous  variables,  and  the  most  feasible 
procedure  is  to  recognize  such  mineral  factors  in  successive 
groups  according  to  certain  degrees  of  qualities  or  magnitudes 
possessed  by  them  when  compared  with  one  another.  This 
has  been  done  by  grouping  the  minerals  on  a  basis  of  chemical 
resemblance  or  of  recognized  associations,  and  by  successively 
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dividing  these  groups  on  a  basis  of  subordinate  chemical  differ- 
ences or  quantitative  values. 

For  this  purpose  it  is  necessary  to  assemble  the  minerals 
chosen  as  standards  into  two  chemically  contrasted  groups. 
These  have  been  made  by  uniting  A  and  B  to  form  one  group 
and  D  and  E  to  form  the  other.  The  first  group  contains 
quartz,  corundum,  zircon,  feldspars,  feldspathoids,  and  mus- 
covite.  The  second  contains  hypersthene  (and  enstatite),  diop- 
side  (and  hedenbergite),  acmite,  olivine  (and  fayalite,  forsterite) 
and  akermanite,  with  magnetite,  hematite,  ilmenite,  apatite, 
and  others. 

The  aluminous  ferromagnesian  minerals  are  not  included 
among  the  standard  minerals  because  of  their  variable  and 
often  complex  composition  and  their  variable  occurrence. 
They  may  be  considered  as  intermediate  between  groups  B 
and  D,  and  the  chemical  composition  of  rocks  may  be  expressed 
without  them  by  means  of  the  other  minerals.  Their  occur- 
rence in  a  rock  may  be  expressed  by  stating  the  actual  mineral 
composition  of  the  rock. 

The  two  groups  of  standard  minerals,  together  with  their 
simplified  dualistic  formulae  and  the  symbols  by  which  they 
will  be  subsequently  referred  to,  are  as  follows: 

Group  I.     Salic  Minerals 

Quartz,  Si02 Q 

Zircon,  Zr02  •  SiOj Z 

Corundum,  AI2O3   C 

.Orthoclase,  K2O  •  AI2O3  •  6  Si02 or 

Albite,  Na20  •  AI2O3  •  6  Si02 ab 

Anorthite,  CaO  •  AI2O3  •  2  Si02 an 

Leucite,  K2O  •  AI2O3  •  4  Si02 Ic 

Nephelite,  Na20  •  AI2O3  •  2  Si02  (soda-nephelite) ne 

Kaliophilite,  K2O  •  AI2O3  •  2  SiO ^ kp 

Sodium  chloride,  2  NaCl sc 

Sodium  sidphate,  NaS04 ss 


f. 
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Group  II.     Femic  Minerals 


Acmite,  Na20  •  Fe203  •  4  Si02 ac 

Sodium  metasilicate,  Na20  •  Si02   ns 

Potassium  metasilicate,  K2O  •  Si02   ks 

Diopside,  CaO  •  (Mg,Fe)0  •  2  Si02 di 

Wollastonite,  CaO  •  Si02 wo 

Hypersthene,  (Mg,Fe)0  •  Si02 hy 

Olivine,  2  (Mg,Fe)0  •  Si02 ol 

Akermanite,  4  CaO  •  3  Si02 am 

Magnetite,  FeO  •  Fe203 mt 

Chromite,  FeO  •  Cr203 cm 

Hematite,  Fe203 : hm 

Ilmenite,  FeO  •  Ti02 il 

Titanite,  CaO  •  Ti02  •  SiOg tn 

Perovskite,  CaO  •  Ti02 pf 

Rutile,  Ti02 ru 

Apatite,  3  (3  CaO  •  P2O5)  •  CaF2 ap 

Fluorite,  CaF2 fr 

Calcite,  CaO  •  CO2 cc 

Pyrite,  FeS2 pr 

Native  metals  and  other  metallic  oxides  and  sulphides — 


O 


H 


M 


It  is  necessary  to  explain  at  this  point  three  terms  which  are 
needed  to  designate  the  mineral  groups  already  introduced. 
Owing  to  the  intricate  character  of  each  of  these  groups  re- 
course was  had  to  mnemonic  methods  of  producing  syllables  or 
words  for  their  designation.  For  group  I  the  word  sal  is  used, 
recalling  the  siliceous  and  oZuminous  character  of  its  minerals. 
For  group  II  fern  is  employed,  since  its  minerals  are  dominantly 
/erromagnesian.  The  corresponding  adjectives  are  saiic  and 
femic.  In  certain  formulae  employed  later  the  words  sal  and 
fern  will  be  used  to  indicate  the  minerals  of  groups  I  and  II, 
whether  they  are  represented  by  one  or  several  minerals  in  any 
particular  instance.  The  intermediate  group,  C,  of  aluminous 
ferromagnesian  and  calcic  silicates,  not  standard  minerals, 
will  be  designated  by  the  terms  cUfer  and  cUferic,  recalling  the 
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fact  that  these  minerals  are  characterized  by  the  presence  of 
aZumina  and  /erric  oxide. 

Group  I.  —  The  minerals  of  groups  A  and  B  have  been 
united  to  form  the  salic  group,  I,  because  of  the  well-known 
relations  between  quartz,  feldspar,  and  the  feldspathoids  and 
the  available  silica  in  magmas,  and  because  of  the  frequent 
association  of  zircon  and  corundum  with  the  more  quartzose 
and  the  more  feldspathic  rocks.  It  is  also  in  accord  with  the 
strong  affinities  of  the  basic  elements,  potassium  and  sodium, 
for  silicon  and  aluminium.  Kaliophilite  is  introduced  to  sim- 
plify the  expression  of  certain  cases  in  which  silica  is  extremely 
low  compared  with  the  amount  of  potassium  and  other  base- 
forming  elements  present.  Muscovite  is  omitted  in  order  to 
simplify  the  calculation  and  because  it  does  not  form  in  magmas 
under  certain  circumstances.  Analcite  is  omitted  for  similar 
reasons,  and  cancrinite  may  be  considered  as  nephelite  with  a 
slight  addition  of  CaCOs.  Sodalite,  haiiynite,  and  noselite  are 
omitted  from  the  standard  minerals  because  the  determination 
as  well  as  the  manner  of  occurrence  of  chlorine  and  sulphuric 
oxide  in  igneous  rocks  render  their  calculation  uncertain,  and 
make  it  advisable  to  express  the  presence  of  chlorine  and 
sulphur  in  terms  of  sodium  chloride  and  sodium  sulphate. 
Sodalite  and  noselite  were  classed  as  standard  minerals  in  the 
first  publication  of  the  Quantitative  System.  As  the  con- 
stituents specially  characterizing  these  compounds  usually 
occur  in  very  small  amounts,  the  omission  of  the  minerals 
named  cannot  affect  materially  the  statement  of  the  standard 
minerals. 

Group  II.  —  The  minerals  of  groups  D  and  E  have  been 
united  to  form  the  femic  group,  II,  because  of  their  frequent 
association  in  notable  amounts  in  rocks  low  in  silica  and 
alumina  and  their  chemical  contrast  to  minerals  of  group  I. 
WoUastonite  is  added  in  order  to  simplify  the  calculation  of 
standard  minerals  in  rocks  rich  in  calcium,  where  the  mineral 
actually  developed  is  often  garnet,  an  alferic  mineral.  The 
simple  metasilicates,  Na2Si03  and  K2Si03,  are  introduced  for 
similar  reasons.  They  only  appear  in  certain  cases  where  the 
alkalies  exceed  both  alumina  and  ferric  oxide,  when  the  actual 
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mineral  formed  is  probably  arfvedsonite  or  other  alkalic  alumi- 
nous amphibole,  an  alferic  mineral.  In  like  manner  aker- 
manite,  4  CaO  •  3  Si02,  is  introduced  to  represent  the  essential 
components  in  its  isomorphous  analogue,  melilitef  whose  com- 
position is  complex  and  uncertain. 

In  order  to  determine  the  character  and  amounts  of  the 
standard  minerals  that  express  the  chemical  composition  of 
any  rock  it  is  necessary  to  know  the  chemical  composition  and 
to  follow  some  definite  method  of  calculating  the  standard  min- 
erals from  it.  The  chemical  composition  may  be  obtained  by 
chemical  analysis  of  the  particular  rock,  or  by  calculation  from 
the  actual  mineral  composition  of  the  rock  when  this  has  been 
determined  quantitatively  by  any  method,  and  when  the  chem- 
ical composition  of  the  component  minerals  is  known.  Or  the 
chemical  composition  may  be  approximated  by  comparison  of 
the  rock  with  other  rocks  of  similar  character  which  have  been 
chemically  analyzed.  The  method  of  calculation  of  the  stand- 
ard minerals  from  the  chemical  analysis  of  the  rock  is  based  on 
certain  chemico-mineralogical  relations  affecting  the  salic  and 
femic  minerals  with  respect  to  the  relative  affinities  of  the  base- 
forming  elements  for  silicic  acid  as  indicated  by  frequent  associa- 
tions of  pyrogenetic  minerals.  Owing  to  the  complexity  of  this 
problem  the  statement  of  it  is  deferred  to  a  later  part  of  the 
description  of  the  system,  p.  433.  The  amounts  of  various 
mineral  components  are  expressed  in  terms  of  mass,  and  com- 
parisons are  made  on  this  basis.  It  is  evident  that  while  at 
first  the  classification  of  igneous  rocks  must  proceed  strictly 
from  a  study  of  actual  chemical  compositions,  later  on  when 
many  kinds  of  rocks  have  been  accurately  described  and  classi- 
fied others  may  be  determined  by  comparison  with  those  already 
identified  which  act  as  types  or  standards. 

CONSTRUCTION  OF  THE  SYSTEM 

Assuming  that  the  process  of  determining  or  calculating  the 
standard  minerals  from  the  chemical  analyses  of  rocks  is  known, 
the  method  of  classification  by  their  means  and  the  construction 
of  the  system  may  be  described  without  further  introduction. 
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Since  there  are  continuous  gradations  in  composition  from 
rock  of  one  extreme  composition  to  rock  of  another  compo- 
sition, the  chemical  and  mineral  factors  involved  in  the  quan- 
titative expressions  of  all  igneous  rocks  must  form  series 
continuous  between  certain  limits.  When  all  cases  are  considered 
it  is  found  that  the  standard  mineral  constituents  exist  in  all 
proportions  from  0  to  100  per  cent,  whether  considered  as  part 
of  the  whole  rock  in  a  given  case,  or  as  part  of  the  group  of 
standard  minerals  to  which  they  may  belong.  For  example, 
one  rock  consists  wholly  of  feldspar  and  another  does  not  con- 
tain any;  between  these  extremes  there  are  rocks  with  all  inter- 
mediate proportions  of  feldspar.  Similar  ranges  exist  with 
regard  to  some  of  the  chemical  constituents  either  with  refer- 
ence to  rocks  or  to  mineral  groups.  Thus  the  feldspars  of  one 
rock  may  be  wholly  alkalic,  those  of  another  wholly  calcic;  and 
between  these  extremes  are  all  possible  gradations.  Again,  the 
alkali  in  the  feldspars  may  be  almost  wholly  potassium  in  some 
cases  and  almost  wholly  sodium  in  others;  and  all  possible  inter- 
mediate mixtures  of  the  two  are  known  to  exist. 

Under  these  circumstances,  in  the  absence  of  natural  division 
lines  in  such  series  of  factors,  it  is  necessary  to  establish  arbi- 
trary divisions.  This  has  been  done,  by  considering  certain 
simple  proportions  as  center-points  about  which  variations  may 
be  recognized  as  existing  within  limits.  These  limits  become 
the  boundaries  between  petrographical  units.  As  already  said, 
only  two  factors,  or  two  groups  of  factors,  are  compared  at  any 
one  time,  or  in  the  formation  of  any  division  in  the  system. 
The  simplest  conceptions  of  proportions  between  two  factors 
are:  first,  one  in  which  either  of  two  factors  constitutes  the 
whole  and  the  other  is  absent;  second,  that  in  which  both 
factors  are  present  in  equal  amounts.  Other  center-points 
have  been  chosen  with  equal  respect  to  these,  that  is,  midway 
between  the  three  just  mentioned,  where  the  proportion  between 
the  two  factors  is  three  to  one.  This  furnishes  five  ideal  points- 
It  is  to  be  noted  that  rocks,  or  mineral  or  chemical  groups, 
corresponding  to  the  center-points  of  these  five  divisions  of  any 
series  have  no  greater  value  as  classificatory  types,  and  are  not 
more  important  petrologically,  or  considered  quantitatively,  than 
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those  occurring  in  any  other  part  of  the  system,  even  those  on 
the  boundary  between  divisions. 

This  fivefold  method  of  division,  which  is  used  throughout  the 
system,  may  be  expressed  graphically  as  follows: 


The  divisions  or  petrographical  units  may  be  described  in  terms 
of  factors  A  and  B  as: 

I.  That  in  which  the  center-point  is  where  one  factor,  A,  is 
present  alone;  A  :  B  :  :  1  :  0. 

II.  That  in  which  the  center-point  is  where  one  factor,  A,  is 
three  times  the  other,  B;  A  :  B  :  :  3  :  1. 

III.  That  in  which  the  center-point  is  where  both  factors  are 
present  in  equal  amounts;  A  :  B  :  :  1  :  1. 

IV.  That  in  which  the  center-point  is  where  one  factor,  B,  is 
three  times  the  other,  A;  A  :  B  :  :  1  :  3. 

V.  That  in  which  the  center-point  is  where  one  factor,  B, 
alone  is  present;  A  :  B  :  :  0  :  1. 

The  dividing  ]ines  or  boundaries  between  these  center-points 
occur  at  the  following  ratios  between  A  and  B:  7:  1,  5  :  3,  3  :  5, 
1  :  7.  The  ranges  of  the  five  divisions  within  which  variation 
between  the  two  factors  can  exist  are  given  by  the  expressions 


I    ^>7. 


V  A<1 
B^7 


The  divisions  may  be  defined  in  general  terms  as: 

I.   That  in  which  A  is  present  alone  or  is  extremdy  abundant. 
II.   That  in  which  A  dominates  over  B. 
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III.  That  in  which  both  A  and  B  are  present  in  equal  or 
nearly  equal  amounts. 

IV.  That  in  which  B  dominates  over  A. 

V.  That  in  which  B  is  present  alone  or  is  extremely  abundant. 

The  factor  which  is  extreme  or  dominant  over  the  other  will 

be  spoken  of  as  preponderant^  the  other  being  svbordinaie.     A 

factor  that  is  present  in  greater  amount  than  one-eighth  of  a 

A      1  . 
combined  pair  of  factors,  as  A  when  —  >  -,  is  said  to  be  notable. 

B  7 
When  it  is  less  than  one-eighth  of  the  combined  pair  it  is  said 
to  be  negligible.  It  is  to  be  noted  that  the  fraction  one-eighth 
relates  to  a  particular  group  of  two  factors,  not  to  the  rock  as 
a  whole,  except  when  the  two  factors  constitute  the  whole  rock. 
The  group  itself  may  represent  only  a  part  of  the  entire  rock. 

Subdivisions  of  divisions  are  made  by  applying  the  same 
fivefold  method  of  division  to  that  factor  of  a  pair  which  is  of 
sufficient  magnitude  to  be  so  divided;  that  is,  to  one  that  is 
extreme  or  dominant  over  the  other,  or  where  both  are  present 
in  eqvM  or  nearly  equal  amounts.  But  when  one  factor  is  sub- 
ordinate to  another  its  amount  is  so  small  that  a  fivefold 
division  of  it  for  further  discrimination  among  the  rocks  char- 
acterized and  grouped  together  by  it  would  be  unnecessary  or 
over-refined.  In  this  cafee  a  threefold  division  is  established  by 
retaining  the  middle  of  the  fivefold  divisions,  that  is,  3,  and 
by  uniting  the  first  and  second  (1-2)  and  the  fourth  and  fifth 
(4-5),  in  order  to  prevent  confusion  of  methods.  The  three- 
fold divisions  then  are: 

A      5 

1-2.*     A  preponderates  over  B;  —  >  -  • 

B      3 

A      5      3 

3.   A  and  B  are  eqtiol  or  nearly  equal;  ^  <  -  >  -  • 

B      3      5 

A      3 
4-5.   B  preponderates  over  A:  =r  <  -  • 

B      5 

*  In  the  first  publication  of  the  system  these  threefold  divisions  are  num- 
bered 1,  2,  3,  which  confuses  them  with  the  first  three  of  the  fivefold  divi- 
siona. 
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When  one  factor  is  present  in  negligible  amount,  that  is,  when 
it  is  less  than  one-seventh  of  the  other  factor,  no  subdivision  of  it 
is  needed. 

In  order  to  produce  adjective  terms  to  describe  the  various 
divisions  and  subdivisions  created  in  this  manner  certain  pre- 
fixes are  used  in  combination  with  terms  indicating  the  mineral 
or  chemical  characteristics  of  a  particular  division.  To  sug- 
gest the  idea  of  extreme,  per  is  used;  for  dominant,  do  or  dom; 
for  preponderant,  when  a  threefold  division  is  used,  the  prefix 
is  pre.  When  two  factors  are  eqiial  or  nearly  equal  a  compound 
term  is  employed,  formed  by  uniting  the  syllables  mnemonic  of 
each  factor.  Thus  with  the  terms  sal  and  fem  are  made  the 
following  adjectives:  persalic,  dosalic,  salfemic,  dofemic,  per- 
femic. 

DESCRIPTION  OF  THE  QUANTITATIVE  SYSTEM 

All  igneous  rocks  are  classified  in  divisions  and  sub-divisions 
called 

Class,  Subclass. 
Order,  Suborder. 
Rang,  Subrang. 
Grad,  Subgrad. 

The  words  rang  and  grad  are  obsolete  forms  of  rank  and 
grade,  and  have  been  introduced  to  avoid  confusion  with  these 
words,  which  are  commonly  used  without  any  technical  signifi- 
cance. These  divisions,  which  are  successively  smaller,  are 
based  on  characters  of  the  magma  of  less  and  less  importance; 
and  homologous  divisions  throughout  the  system  are  based  on 
the  same  kinds  of  characters.  The  various  divisions  may  be 
briefly  described  as  follows: 

Classes  are  based  on  the  relative  proportions  of  the  salic 
and  femic  minerals  in  each  rock.     They  are  five  in  number. 

Subclasses  distinguish  between  certain  mineral  subgroups  in 
each  of  the  principal  groups,  salic  and  femic. 

Orders  are  based  on  differences  in  the  minerals  of  the  chief 
subgroup  of  the  preponderant  salic  or  femic  group,  and  serve 
to  distinguish  those  chemical  characters  which  are  dependent  on 
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the  dominant  acid-forming  components  of  the  magma,  silicon, 
titanium,  and  ferric  iron. 

Suborders  distinguish  between  several  of  these  compo- 
nents when  they  are  present  in  considerable  amounts,  that  is, 
in  rocks  with  much  femic  minerals. 

Rangs  are  based  on  the  proportions  of  the  base-forming  com- 
ponents in  the  preponderant  salic  or  femic  group  of  minerals; 
in  one  case  the  alkalies  and  lime,  in  the  other  these  and  mag- 
nesia and  ferrous  oxide. 

SuBRANGS  distinguish  between  those  components  that  were 
grouped  together  to  form  a  single  factor  in  the  treatment  of 
Rangs. 

Grads  are  based  on  the  relative  proportions  of  the  minerals  in 
the  subordinate  group  of  femic  or  salic  minerals  in  each  Class. 
They  are  analogous  to  Orders,  which  treat  of  the  preponderant 
group  in  each  case. 

SuBGRADS  distinguish  between  the  base-forming  components 
in  the  minerals  of  the  subordinate  femic  or  salic  groups  and  are 
analogous  to  Rangs  in  formation. 

Sections  of  any  of  these  divisions  are  introduced  where  the 
number  of  characteristic  components  is  more  than  can  be  rec- 
ognized by  the  eight  principal  divisions  just  enumerated. 

Family.  —  The  term  family  should  properly  be  applied  to  a 
group  of  rocks  that  have  been  derived  by  differentiation  from 
some  common  or  parent  magma.  In  its  broadest  sense  it 
might  be  applied  to  all  the  rocks  of  one  petrographic  province. 
But  as  there  may  be  genetically  related  groups  of  several  degrees 
of  consanguinity  it  is  possible  there  may  be  need  of  several  dis- 
tinct terms  analogous  to  Family. 

Series.  —  The  term  series  should  be  applied  to  groups  of 
rocks  characterized  by  similarity  of  certain  chemical  or  mineral 
constituents  and  by  variations  in  others;  the  rocks  being  mem- 
bers of  one  family.  Series  may  traverse  the  general  system  of 
classification  in  various  directions. 

Classes.  —  These,  the  broadest  divisions,  express  the  most 
general  chemico-mineralogical  character  of  magmas,  and  are 
based  on  the  relative  proportions  of  the  salic  and  femic  mineral 
groups  when  calculated  in  standard  minerals  for  each  magma  or 
rock.    There  are  five  classes. 
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Class  I :  = —  >  - ,  persalic. 

Fern      1 

This  class  contains  all  rocks  extremdy  rich  in  any  of  the  salic  min- 
erals —  quartz,  feldspars,  feldspathoids,  corundum  or  zircon. 

Class  II:  §^<l>%,  dosalic. 

Fem      1      3 

In  rocks  of  this  class  salic  minerals  dominate  over  the  femic, 

which  are  the  subordinate  minerals. 

Class  III;  ^  <  ^  >  t  ,  salfemic. 

Fem     3      5 

In   this   class  occur  rocks  having  salic  and  femic  minerals  in 

equal  or  nearly  equal  amounts.. 

Class  IV:  '    —<^>hf  dofemic. 

Fem     5      7  ' 

The  femic   minerals  dominate   ih  these  rocks,  the  salic  ones 

being  subordinate. 

Class  V:  = —  <  -  ,  perfemic. 

Fem      7  '  ^ 

Rocks  of  this  class  are  extremely  rich  in  femic  minerals,  pyrox- 
enes, olivine,  akermanite,  magnetite,  etc. 

Subclasses.  —  These  take  account  of  distinctions  among  the 
standard  minerals  constituting  the  salic  and  femic  groups,  which 
are  divided  into  two  parts  each.  Of  the  salic  minerals,  quartz, 
feldspars,  and  feldspathoids  form  a  closely  associated  series 
when  considered  petrographically  and  chemically,  and  may  be 
contrasted  with  corundum,  zircon,  or  other  salic  minerals. 

Part  1.     Quartz  (Q),  feldspars  (F),  feldspathoids  (L). 
Part  2.     Corundum  (C)  and  zircon  (Z). 

In  the  group  of  femic  minerals,  pyroxene,  olivine,  akermanite, 
magnetite,  ilmenite,  and  titanite  are  closely  associated  in  rocks, 
and  enter  frequent  transitional  series  of  rocks  with  different 
proportions  of  these  minerals.  They  may  be  grouped  together 
and  contrasted  with  apatite,  fluorite,  pyrite,  etc. 

Part  1.  Pyroxene  (P),  olivine,  and  akermanite  (0), 
magnetite,  hematite,  ilmenite,  rutile, 
perovskite,  and  titanite  (M). 

Part  2.     Apatite,  flourite,  pyrite,  etc.  (A). 


Group  I 


Group  II 
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Subclasses  in  Classes  I,  II,  and  III  are  made  on  a  fivefold 
basis  by  considering  the  relative  proportions  of  the  two  parts  of 
the  salic  group.  The  reasons  for  using  the  salic  group  instead 
of  the  femic  in  Class  III  are  given  in  the  discussion  of  Orders. 
In  Classes  IV  and  V  subclasses  are  formed  on  the  proportions  of 
the  two  parts  of  the  femic  group. 

In  Classes  I^  II,  and  III  the  subclasses  are: 

QFL     7 
Subclass  1,   ^-  >  ^  • 

QFL     7     6 
Subclass  2,   ^^  '^^  T  ^  3 ' 

«    QFL     6     3 
Subclass  3,   ^^  ^  3  "^  5  * 

a  .     QFL  ^3^1. 

Subclass  4,   ■^-  <  g  >  ^  • 

Subclass  5,   ^-  <  =  • 

Distinctions  between  corundum  and  zircon  may  be  made  in 
those  subclasses  in  which  they  are  present  in  notable  amount 
by  the  formation  of  Sections  as  follows: 

Section  1 :  ^  >  7 ,      Section  2:  ^  <  7  >  | ,  etc. 
Z      1  Z      1     3 

In  Classes  IV  and  V  the  subclasses  are: 

^  .    POM  ^  7 

Subclass  1,    — r—  >  -r  • 

A        1 

Subclass  2,   —^  "^^  T  -^  ^  " 

Subclass  3,    — j—  <  o  ^  c  ' 

Q  .     POM  ^3^1 

Subclass  4,   —7-  <  v  >  =  • 

Q  ^    POM  ^  1 

Subclass  5,  <  =  • 

In  Classes  IV  and  V  Sections  of  Subclasses  may  be  made 
when  it  is  necessary  to  distinguish  between  apatite  and  the 
various  metals  and  sulphides.  The  method  to  be  followed  is 
similar  to  that  indicated  for  the  Sections  distinguishing  between 
corundum  and  zircon. 
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It  is  to  be  remarked  that  the  vast  majority  of  igneous  rocks 
of  all  Classes  belong  to  the  first  Subclass  in  each  Class.  There 
are  few  rocks  known  belonging  to  most  of  the  Subclasses  pro- 
posed, but  if  ever  found  their  place  in  the  system  is  provided 
for.  The  remaining  description  applies  in  all  cases  to  Subclass  1 
in  each  Class. 

Orders.  —  These  divisions  are  based  on  the  relative  propor- 
tions of  the  preponderant  salic  or  femic  minerals  in  each  Class. 
In  Classes  I  and  II  the  preponderant  minerals  are  salic, 
and  in  Class  III  salic  minerals  are  considered  before  femic, 
although  equal  in  amount,  because  it  is  necessary  to  consider 
one  or  the  other  first,  and  the  salic  minerals  are  probably  some- 
what more  abundant  in  most  rocks  of  this  Class,  and  being 
lighter  than  the  femic  they  are  more  conspicuous  in  volume, 
even  when  equal  in  mass.  It  accords  also  more  nearly  with 
present  custom  in  the  qualitative  system  of  classification. 

The  preponderant  salic  minerals  are  those  of  Part  1,  quartz, 
feldspars,  and  feldspathoids. 

Q  =  quartz. 

F  =  feldspars,  orthoclase,  albite,  and  anorthite. 

L  =  feldspathoids  (lenads),  leucite,  and  nephelite. 

Since  quartz  and  the  feldspathoids  (lenads)  do  not  occur 
together  as  pyrogenetic  minerals,  quartz  occurring  in  the  more 
siliceous  and  the  lenads  in  the  less  siliceous  rocks,  these  three 
factors  may  be  employed  serially.  Consequently  in  the  first 
three  Subclasses  of  Classes  I,  II,  and  III  Orders  are  formed  by  a 
double  application  of  the  plan  of  the  fivefold  division,  yielding 
nine  Orders  which  may  be  described  by  adjectives  made  from  syl- 
lables mnemonic  of  quartz,  quar;  of  feldspar,  fel;  and  of  leucite 
and  nephelite,  len.  Moreover,  the  word  lenad  is  introduced  for 
feldspathoid,  since  this  resembles  feldspar  so  closely  and  is  used 
so  frequently  in  the  description  of  the  Quantitative  System. 
The  orders  just  described  are: 

Q     7 
Order  1,  ^>  t»  quartz  extreme,  perquanc. 

Q     7     5 
Order  2,  S  <  ::  >  «»  quartz  dominant,  doquaric. 

r        1      «5 

Q      5       3 
Order  3,  §  <  o  >  e  i  quartz  and  feldspar  equal  or  nearly  so,       quarfelic. 
Jb      o      5 
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Q     3     1 
Order  4,  ^  <  ?  >  Jt*  feldspar  dominant  over  quarts,  quardofeUc 

r       o      7 

Order  5,  —^ —  <  =,  Mdspar  extreme,  perfelic. 

L      3      1 
Order  6,  ^<^>  ^r  feldspar  dominant  over  lenad,  lendofdic. 

r       o      7 

Li        5        3 

Order  7,   ^^  <  ?  >  e  >  feldspar  and  lenad  equal  or  nearly  so,  knfelic. 

t       A       o 

L     7     5 
Order  8,    vi<  7>  Sf  lenad  dominant,  dolenic. 

L     7 
Order  9,   ^>  jt  lenad  extreme,  perienic. 

In  Classes  IV  and  V  the  dominant  femic  minerals  may  be 
grouped  into  (1)  silicates  and  (2)  nonsilicates  with  titanosili- 
cates.  The  silicates  may  be  divided  into  (a)  metasilicates  and 
(6)  lower  silicates,  yielding 

iP.   Pyroxenes:    diopside,  woUastonite,  hypersthene, 
and  acmite. 
0.   Olivine  and  akermanite. 

M,  magnetite,  hematite,  ilmenite,  titanite,  etc. 

Orders  in  these  classes  are  formed  by  comparing  the  silicates, 
P  +  O,  with  nonsilicates  and  titanosilicates,  M.  Descriptive 
terms  have  been  made  from  syllables  mnemonic  of  the  several 
subgroups  of  femic  minerals,  thus:  jxd  to  indicate  pyroxenes 
and  olivine,  including  akermanite;  mU  to  indicate  magnetite, 
ilmenite,  titanite,  and  other  minerals  of  this  subgroup;  also  pyr, 
denoting  pyroxenes,  and  ol,  olivine  and  akermanite. 

P  +  O     7 
Order  1,   — j^ —  >  y,  femic  silicates  extreme,  perpolic. 

P  4-  O       7      R 
Order  2,  — ^ —  ""^  f  >  o»  femic  silicates  dominant,  dopolic. 

Order  3,  — ^r —  <  o>  7>  femic  silicates  and  nonsilicates  equal 
Ju.  o      o 

or  nearly  so,  polmitic. 

P  4-  O      3       1 
Order  4,   — rj —  <  ^  >  = ,  femic  nonsilicates  dominant,  domitic. 

Order  5,  — ^^—  <  ^,  femic  nonsilicates  extreme,  permitie. 
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Sections  of  Orders.  —  In  Classes  IV  and  V  it  is  necessary  to 
recognize  Sections  of  Orders  to  express  the  proportions  between 
the  pyroxene  and  olivine  subgroups  in  Orders  1,  2,  and  3,  where 
polic  tninerals  preponderate^  or  are  equal  to  the  mitic  minerals. 

P     7 
Section  1,   k>  t»  pyroxene  extremei  perpyric. 

P      7      5 
Section  2,   fj  <  7  >  q»  pyroxene  dominant,  dopyric. 

P      5      3 
Section  3,   7\<  o>  ^f  pyroxene  and  olivine  equal  or  nearly  so,    pyrolic. 

P      3      1 
Section  4,   tv  <  ^  >  =,  olivine  dominant,  domolic. 

U      5       7 

P       1 
Section  5,  7\<  jr  olivine  extreme,  perolic. 

Suborders.  —  In  Orders  4  and  5  of  Glasses  IV  and  V  the 
nonsilicate,  mitic  minerals  preponderate.  The  subgroups  of 
these  minerals  most  characteristic  of  rocks  belonging  to  these 
Orders  contain  Fe203  and  Ti02.  The  first  group  includes  mag- 
netite and  hematite,  and  is  indicated  by  the  symbol  H.  The 
second  group  includes  titanite,  ilmenite,  perovskite,  and  rutile, 
and  is  indicated  by  T.  They  may  be  designated  by  the  syl- 
lables hem  and  h7,  mnemonic  of  the  minerals  composing  them. 
The  Suborders  are: 

Suborder  1,   7p>7»  perhemic. 

Suborder  2,   tf  <  ?  >  o »  dohemic. 

Suborder  3,   tf  <  o  >  7>  tilhemic. 

loo 

Suborder  4,   tf  <  r  >  ^»  dotilic. 

10        7 

H      1 
Suborder  5,   -f^^K  --,  pertilic. 

Having  recognized  the  acid-forming  elements  that  character- 
ize preponderant  minerals  in  rocks  in  the  formation  of  Classes 
and  Orders,  the  base-forming  elements  in  these  minerals  are 
recognized  in  the  formation  of  the  succeeding  divisions,  Rangs 
and  Grads. 

Rangs.  —  The  general  character  of  the  base-forming  ele- 
ments in  the  minerals  preponderating  in  each  Order  of  the  five 
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Classes  is  the  basis  for  the  formation  of  Rangs.  For  salic  min- 
erals this  is  expressed  by  the  terms  alkalic  and  calcic,  which 
relate  to  the  feldspars  and  lenads.  Comparison  is  made  between 
the  proportions  of  molecules  of  K2O'  +  NaaO'  and  CaO'  in  the 
salic  minerals,  K2O',  Na20',  and  CaO',  being  the  portions  of 
these  components  allotted  to  salic  minerals,  those  allotted  to 
the  femic  minerals  being  designated  by  K2O",  Na20",  and  CO". 
The  divisions  for  Rangs  in  Classes  I,  II,  and  III  are  fivefold,  as 
follows: 

Rang  1,  —^ — en*    —  ^  T '  peralkahc. 

^        ^   K,0'  +  Na,0'  ^7^5  ,       „    ,. 

Rang  2,  — ^ — r  O'     —  "*^  T  ^  '  domalkalic. 

-,        „    K.O'  +  Na,0'  ^5^3  ,u  r    1  • 

Rang  3,  — = — ^  ^     * —  <  o  >  c  1  alkalicalcic. 

CaU  6      o 

Rang  4,      *    q  q^^      ^5^  7'  docalcic. 

Rang  5,      *    c  (V    —  "^  7*  percalcic. 

In  Order  6,  in  which  feldspar  is  dominant  over  lenads,  only 
the  first  four  Rangs  may  occur;  in  Order  7  only  the  first  three; 
in  Order  8  only  the  first  two;  and  in  Order  9  only  the  first  one. 
This  is  because  there  is  no  calcium  in  the  lenads,  when  these 
are  only  normative  leucite  and  nephelite. 

For  femic  minerals  the  general  chemical  character  of  the 
base-forming  elements  is  expressed  as  ferromagnesian,  calcic^  or 
alkalic.  It  is  necessary  to  combine  two  of  these  in  order  to 
form  two  contrasted  factors  instead  of  three.  This  is  done  by 
uniting  the  first  two  and  comparing  the  ferromagnesian  and 
calcic  with  the  alkalic  components  of  the  femic  minerals;  that  is, 
MgO  -f  FeO  +  CaO"  with  K2O"  +  Na20".  The  mnemonic 
term  indicating  the  first  factor  is  mirlic,  referring  to  magnesium, 
iron,  and  lime.  A  fivefold  division  is  established  as  in  other 
divisions,  but  rocks  representing  the  more  alkalic  Rangs  in 
Classes  IV  and  V  are  not  known.     The  Rangs  are: 

^  (Mg,Fe)0  4-  CaO^^      7  ^^^mirli^ 

^^"^  ^'      K,0"  +  Na,0"    ^  1 '  Pennirhc. 

RAva2    (Mg,Fe)0  4-  CaO^^      7,5       ,^    .,.^ 
And  so  on  if  needed. 
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Sections  of  Rangs  are  necessary  in  Classes  IV  and  V  to  dis- 
tinguish between  the  ferromagnesian  and  calcic  characters  of  femic 
minerals.  Iron  and  magnesium  are  grouped  together  because 
they  are  commonly  closely  associated  in  femic  minerals  and 
behave  somewhat  independently  of  calcium.  The  syllable  mne- 
monic of  magnesium  and  iron  is  mir,  and  the  following  Sections 
of  Rangs  have  been  established: 


Q  ,   (Mg,Fe)0  ^  7 

Section  1,     ^aO^^     ^  V 

„  „   (Mg,Fe)0  ^7^5 

SBcnoN2,  ^^^^^<j>3, 

s^^^^q   (Mg,Fe)0  ^5^3 
Sections, —^^^g;^<3>^, 

^   (Mg,Fe)0  ^3^1 
Section  4/"^;^,;     <5>r 

Q,^.^^  (Mg,Fe)0    ,  1 
Section  5,  -   ^^q„    <  ^, 


permuic. 


domiric. 


calcimine 


docalcic. 


percalcic. 


Subrangs.  —  These  distinguish  between  the  chemical  charac- 
ters grouped  together  in  one  of  the  factors  used  for  Rangs,  the 
alkalic  in  one  set  of  cases,  ferromagnesian  in  another.  In 
Classes  I,  II,  and  III  the  proportions  of  the  salic  alkalies,  potash 
and  soda,  need  to  be  distinguished,  which  is  done  as  follows: 


^  ,    K.O'  ^  7 

SUBRANGl,jj^,>j, 

^  ^   K,0'  ^7^5 

Subrang2,j^^,<j>^, 

^  ^  K,0'  ^5^3 

Subrang3,^j^,<3>^, 

^  K,0'       3^1 

SUBRANG4,j^.^,<^>^, 

Subrang5,jj^,<^, 


perpotassic. 

dopotassic. 

sodipotassic. 

dosodic. 

persodic. 


In  Rangs  4  and  5  of  Classes  I,  II,  and  III,  because  of  the 
subordinate  amounts  of  the  alkalies,  only  three  divisions  are 
used. 

SuBRANO  l-2,j^    Q,  >  3,  prepotassic. 

K  O'       5      3 
SuBRANQ  3,     -M^-Q?  <  3  >  5»    sodipotassic. 


SuBRAN0  4-5,jj^<g, 


presodic. 
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In  Classes  IV  and  V  the  variable  chemical  quality  is  in  the 
ferromagnesian  content.  The  alkalies  are  preponderantly  sodic, 
and  there  is  no  need  of  subdivisions  to  discriminate  between  the 
alkalies.  In  Sections  1  and  2  of  Rangs  1  and  2  there  are  the 
following  subrangs: 


SUBRANO  I, 

FeO  ^  V 

permagnesic 

SUBRANG  2, 

MgO       7. 
FeO  ^  1  ^ 

5 
3' 

domagnesic. 

SUBRANG  3, 

MgO       5 
FeO  ^  3  ^ 

3 
5' 

magnesiferroua. 

SUBRANQ  4, 

MgO       3 
FeO  ^  6  ^ 

1 
7' 

doferrous. 

Sub  RANG  5, 

MgO  ^1 

FeO  "^7* 

perfeiTous. 

In  Section  3  of  Rangs  1  and  2  and  in  other  Rangs  of  Classes 
IV  and  V  only  three  divisions  are  used  because  of  the  subordi- 
nate amount  of  miric  component. 


SUBR.VNO  1-2,  ^  >  |, 

SUBRANG  3,  ^ 


FeO 


SUBRANG  4-5,   -r^ 

FeO 


<  > 


3 
5' 


6' 


premagnesic. 

magnesiferrous. 

preferrous. 


Owing  to  the  omission  of  the  sodalites  from  the  list  of  stand- 
ard minerals  there  is  no  need  of  Sections  of  Subrangs,  which 
were  described  in  the  first  publication  of  the  Quantitative  Sys- 
tem of  Classification  of  igneous  rocks. 

By  the  divisions  so  far  established  the  dominant  features  of 
the  preponderant  salic  or  femic  minerals  have  been  recognized, 
and  the  corresponding  chemical  and  mineral  differences  in  igne- 
ous rocks  have  been  provided  for.  There  remain  those  diflFer- 
ences  that  are  expressed  by  the  subordinate  standard  minerals, 
femic  on  the  one  hand,  salic  on  the  other. 

In  Classes  I  and  V  the  subordinate  groups  of  standard  min- 
erals are  so  small  as  to  be  negligible,  so  that  no  further  division 
of  these  Classes  is  necessary. 

In  Classes  II  and  IV,  the  subordinate  groups  of  minerals 
being  less  abundant  than  the  preponderant,  a  threefold  division 
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is  sufficient,  at  least  for  present  requirements,  whereas  in  Class 
III  the  second  group,  femic,  is  equal  or  nearly  so  to  the  one 
first  considered,  salic;  so  a  fivefold  division  in  this  case  is 
desirable. 

Grads.  —  These  are  based  on  the  proportions  of  the  standard 
minerals  of  the  subordinate  group  in  each  Class,  where  Grads 
are  employed,  and  the  method  of  treatment  is  like  that  used  in 
the  treatment  of  the  preponderant  groups. 

In  Class  II  the  subordinate  group  is  femic  and  a  threefold 
division  yields 

Grab  1-2,    — g —  >  = ,  prepolic. 

Grad  3,        — ^j —  ■<  3  >  5 »         polmitic. 

Grad  4-5,    — ^ —  <  ^ ,  premitic. 

In  Class  III  the  femic  group  is  as  important  as  the  salic  and 
is  susceptible  of  fivefold  division,  yielding 

Grad  1,  — ^ —  <  j-,  perpolic. 

f^        oP  +  ^^7^5  ,       ,. 

Grad  2,  — ^ —  ^1^3'  dopohc. 

Grad  3,  — ^ —  ^3^5*  polmitic. 

Grad  4,  — r^ —  <  i  >  s »  domitic. 

M  O         7 

Grad  5,  — ^ —  <  =,  permitic. 

■ 

In  this  Class  it  is  necessary  to  discriminate  between  pyroxene 
and  olivine  which  may  be  done  in  a  threefold  manner,  yielding 
Sections  of  Grads  as  follows: 

P     5 
Section  1-2,  q  >  5  .  prepyric. 

P      5      3 
Section  3,      o  "^^  3  "^  5  *  pyrolic. 

P      3 
Section  3-4,  q  <  k  »  preolic. 

In  Class  IV  the  subordinate  minerals  are  salic,  and  as  they 
are  in  smaller  amounts  than  the  femic  a  threefold  division 
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applied  in  series  is  sufficient,  yielding  five  divisions  instead  of 
the  nine  used  in  making  Orders. 


prequanc. 

quarfelic. 

prefelie. 

lenfelie. 

prelenic. 


Grad  1-2, 

F  ^3' 

Grabs, 

F  ^  3  ^  6' 

Grad  4-5^, 

Q  or  L   ^3 
F       "^5' 

Grad  7, 

L       5       3 
F  ^3^  6' 

Grad  a-9,      ^  >  |» 


Subgrads.  —  These  are  based  on  the  general  chemical  char- 
acter of  the  base-forming  elements  in  the  minerals  employed  to 
form  Grads,  and  bear  the  same  relation  to  Grads  that  Ranga 
bear  to  Orders.  The  forms  of  expression  are  similar  to  those 
used  in  Rangs  and  need  no  further  comment.  In  Classes  II 
and  IV  the  division  is  threefold. 

In  Class  II,  the  subordinate  minerals  being  femic,  the  divisions 
are: 


SUBORADl-2,      ^^^,  ^  y^^Q.,       >5, 


Sxtborad  3, 


(Mg,Fe)0  +  CaO 
K,0"  +  Na^O" 


<3>5' 


a  .  -    (Mg,Fe)0  +  CaO^^  ^  3 

SUBGRAD4-5,     g^o--  +  Na.O-     < 


6' 


premirlic. 


alkalimirlic. 


prealkalie. 


In  Class  III,  the  mineral  group  treated  second  is  femic,  and 
because  of  its  abundance  the  division  is  fivefold,  yielding 

(Mg,Fe)0  +  CaO' 


SUBGRAD  1, 
SUBQRAD  2, 
SUBQRAD  3, 
SUBGRAD  4, 
SUBORAD  5, 


k" 


K3O"  +  Na,0' 
(Mg,Fe)0  +  CaO'^ 

KaO"  +  Na,0" 
(Mg,Fe)0  +  CaO'' 

K,0"  +  Na^O" 
(Mg,Fe)0  +  CaO" 

KjO"  +  NaaO" 
(Mg,Fe)0  +  CaO 


// 


>f 

permirlic. 

<\>l 

domiriic. 

<!>!■ 

alkalimirlie. 

<l>l 

domalkalic. 

<i 

• 

peralkalic. 

K,0"  +  Na,0" 

In  Class  IV  the  subordinate  minerals  are  salic  and  the  divi- 
sion threefold,  yielding: 


NORM  AND  MODE  419 

SuBGRAD  1-2,  ^'^'cto^^'^'  ^  f '  prealkalic. 

SuBGRAD  3,     ^'^cto^'"'^  <  i  >  I'  alkalicalcic- 

^  ,   K,0'  +  Na,0'   ^3  ,  . 

Subgrad4-6,      *    ^  q,   '      <  gi  precalcic. 

Sections  of  Subgrads  in  Class  III  are  necessary  to  further  dis- 
criminate between  the  characteristic  chemical  constituents  in. 
the  femic  minerals  because  of  the  amounts  of  these  minerals  that 
may  be  present  in  rocks  of  this  Class.  There  is  also  need  of 
Subsections.  The  following  have  been  established,  correspond- 
ing to  Sections  and  Subsections  of  Rangs  in  Classes  IV  and  V: 

In  Rangs  1,  2,  and  3  of  Class  III,  in  Subgrads  1,  2,  3,  and  4: 

a  ,  ^    (Mg,Fe)0  ^5 

Section  1-2,      n  O^'         «,premiric. 

a  „        (Mg,Fe)0  ^5^3       .... 

Section  3,  c  CY'         "^  ^'  calcimine. 

Section  4-6,       p  ^l     <  ^,  precalcic. 
And 

Subsection  1-2,  ^^r  >  q»  premagneeic. 

Subsection  3,      ^^r^  <  o  >  c »  magnesif errous. 

reU        o       o 

Subsection  4-5,  fr^  <  ^ »  preferrous. 

JbeU        o 

The  system  just  described  provides  more  divisions  than  are 
needed  for  the  igneous  rocks  at  present  known.  In  some 
instances  still  smaller  divisions  seem  already  desirable.  Such 
can  be  supplied  by  further  subdivision,  according  to  the  method 
just  employed,  by  recognizing  other  chemical  characters  or 
components,  or  by  increasing  the  number  of  divisions  or  center- 
points  in  any  part  of  the  system. 

NORM  AND  MODE 

The  classification  so  far  developed  is  strictly  one  of  rock  mag- 
mas, being  based  on  their  chemical  composition  and  the  possible 
mineral  composition  expressed  in  terms  of  standard  minerals. 
It  does  not  take  into  consideration  to  what  extent  they  may 
be  crystalline  or  glassy  and  what  may  be  the  actual  minerals 
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developed  in  them.  The  chief  purpose  of  the  classification  up 
to  this  point  is  to  bring  together  all  igneous  rocks  of  like  chem- 
ical composition  into  the  same  divisions  or  groups.  The  rocks 
as  distinguished  from  magmas  involve  the  actual  mineral  com- 
position and  the  texture  in  each  case,  and,  while  these  factors 
are  so  related  to  the  chemical  composition  of  the  magma  and 
the  physical  conditions  under  which  solidification  took  place  that 
they  must  be  strictly  interdependent,  the  relationship  appears 
to  be  so  complex  that  it  is  not  possible  at  present  to  express  it 
in  a  comprehensive  system  of  classification.  Therefore  these 
factors  have  been  treated  separately  and  employed  as  qualifiers 
of  the  magmatic  units  established  by  the  system  just  described. 
That  is,  the  name  given  to  the  magmatic  unit  is  qualified  by 
compoimding  it  with  terms  indicating  the  actual  mineral  com- 
position of  the  rock  and  others  indicating  its  texture. 

In  discussing  the  relations  between  the  actual  mineral  com- 
position of  rocks  and  their  calculated  composition  in  standard 
minerals  and  the  extent  to  which  qualifying  compound  terms 
may  be  necessary,  two  terms-  of  general  significance  have  been 
introduced.  For  the  calculated  standard  mineral  composition  of 
a  rock  the  term  norm  is  used,  and  for  the  acttud  mineral  com.po- 
eitionf  quantitatively  determined,  the  term  mode  is  used.  The 
standard  minerals  constituting  the  norm  are  called  the  norma- 
tive minerals,  that  is,  those  which  establish  or  set  up  a  norm. 
It  is  to  be  noted  that  this  is  quite  different  from  the  term  nor- 
mal, which,  as  ordinarily  used,  means  usual  or  common.  Norma- 
tive minerals  are  frequently  not  the  normal  ones  in  certain 
rocks,  though  they  may  be  the  normal  minerals  in  many  others. 

Normative  Modes.  —  When  the  mode  of  a  rock  is  essen- 
tially the  same  as  its  norm  there  is  no  need  of  qualifying  the 
magmatic  name,  because  it  already  indicates  the  actual  mineral 
composition.  The  mode  may  be  said  to  be  normative,  and  a 
normative  mode  may  be  defined  as  one  in  which  the  actual 
mineral  composition  is  so  nearly  the  same  as  the  standard  min- 
eral composition  calculated  from  the  analysis  of  the  rock  that 
either  may  be  used  to  classify  the  rock  correctly. 

In  comparing  actual  and  standard  minerals  the  lime-soda- 
feldspars  and  soda-potash-feldspars  are  treated  as  though  com- 
pounded  of   albite,   anorthite,  and    orthoclase,    and    are    not 
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reckoned  as  different  from  the  calculated  simple  molecules  except 
as  they  may  differ  quantitatively.  They  may  be  treated  as  nor- 
mative unless  it  is  desired  to  express  in  the  name  the  particular 
combination  of  feldspar  molecules  represented  in  the  mode. 

In  many  rocks  having  rather  simple  mineral  compositions  the 
correspondence  between  the  mode  and  norm  is  nearly  complete. 
This  is  true  of  the  great  majority  of  holocrystalline  rocks  of 
Class  I  and  the  greater  portion  of  those  in  Class  II.  And  these 
two  classes  comprise  over  three-quarters  of  the  analyzed  igne- 
ous rocks  of  the  earth.  The  accord  between  mode  and  norm  is 
close  for  many  rocks  in  Class  V,  but  is  least  for  rocks  in  Classes 
III  and  IV. 

Abnormative  Modes.  —  When  there  is  a  notable  difference 
between  mode  and  norm  in  any  rock  the  mineral  or  minerals 
causing  the  difference  may  be  called  abnormative  minerals. 
They  may  be  standard  minerals,  that  is,  salic  or  femic,  or 
they  may  be  alferic  minerals.  Such  modes  are  abnormative. 
The  minerals  whose  presence  renders  a  mode  abnormative  may 
be  called  the  critical  ones.  When  the  exact  chemical  charac- 
ter and  amount  of  the  critical  minerals  in  an  abnormative  mode 
are  known  the  norm  of  the  rock  may  be  calculated  from  them. 

Varieties.  —  When  there  are  quite  subordinate  minerals 
present  in  a  rock,  either  normative  or  abnormative,  which  it  is 
desirable  to  recognize  as  distinguishing  features  of  the  rock,  the 
subdivision  of  any  classificatory  division  necessary  to  express 
the  idea  is  a  variety.  There  may  be  normative  varieties  and 
modal  varieties.  Thus  some  perfelic  rocks  of  Class  I  may  con- 
tain negligible  but  significant  amounts  of  nephelite,  others  may 
contain  similarly  small  amounts  of  quartz,  and  it  may  be  desirable 
to  recognize  these  differences.  Rocks  with  normative  modes  may 
contain  very  small  amounts  of  hornblende  or  of  biotite.  The  pres- 
ence of  small  amounts  of  rare  minerals  also,  such  as  columbates 
or  phosphates,  may  be  recognized  as  forming  modal  varieties. 

Indeterminable  Modes.  —  Rocks  that  are  partly  glassy  or, 
because  of  the  minuteness  of  some  of  their  component  crystals,  do 
not  permit  the  quantitative  determination  of  all  the  component 
minerals,  have  indeterminable  modes.  Their  classification 
must  rest  upon  a  chemical  analysis  of  the  rock  or  on  a  compari- 
son of  the  rocks  with  a  similar  one  that  has  been  analyzed. 
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Texture.  —  The  texture  of  igneous  rocks,  which  is  one  of 
their  most  characteristic  features  and  which  becomes  a  quali- 
fying factor  in  the  nomenclature,  has  been  discussed  at  length 
in  Chapter  VI  of  Part  I,  and  needs  no  further  comment  in  this 
place.  The  method  of  introducing  it  into  the  nomenclature  will 
be  described  later  on. 

NOHENCLATURE. 

The  Quantitative  System  of  Classification  here  proposed,  being 
based  on  relations  and  principles  distinct  from  those  used  in  the 
Qualitative  Mineralogical  System,  requires  a  distinctly  different 
nomenclature,  because  the  new  divisions  do  not  express  the 
same  conceptions  or  characters  as  those  inherent  in  the  old  ones. 
And  the  use  of  an  old  name  with  a  new  meaning  is  to  be  avoided, 
since  it  leads  to  serious  confusion  and  misunderstanding,  as  is 
fully  illustrated  by  the  usage  of  terms  in  the  qualitative  system. 

Magmatic  Names.  —  In  order  to  provide  names  that  may 
distinguish  between  the  different  degrees  of  divisions  in  the 
quantitative  system,  and  thus  remedy  a  defect  in  the  present 
qualitative  nomenclature,  words  have  been  made  by  uniting  a 
distinctive  termination  to  a  root  or  body  term  which  stands  for 
the  magma,  or  group  or  range  of  magmas,  in  each  division  of  the 
system.  These  magmatic  names  must  be  qualified  by  mineral 
and  textural  terms  to  indicate  a  particular  rock. 

Terminations  for  names   in   different  divisions  have  been 

selected  as  follows: 

Class,  —  ane.  Subclass,  —  one. 

Order,  —  are.  Suborder,  —  ore. 

Rang,  —  ase.  Subrang,   —  ose. 

Grad,   —  ate.  Subgrad,  —  ote. 

It  is  to  be  noted  that  the  distinctive  consonants  are  in 
their  alphabetical  order,  n,  r,  s,  t,  which  may  help  in  associating 
them  with  the  division  of  the  system  to  which  they  have  been 
assigned.  The  vowel  a  is  changed  to  o  in  the  subdivision  of 
each  principal  division.  For  the  name  of  a  Section  of  a  prin- 
cipal division,  or  a  subdivision,  the  letter  i  is  introduced  before 
the  proper  termination  for  the  division. 

Root.  —  The  root  of  the  name  is  in  some  cases  one  or  more 
syllables  mnemonic  of  certain  characters  of  the  magmatic  divi- 
sion, or  it  is  derived  from  a  locality,  or  it  may  be  chosen  arbi- 
trarily.    The  use  of  mnemonics,  while  an  aid  to  the  memory 
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when  simple  in  form,  becomes  impracticable  when  the  form  is 
highly  complex.  In  the  selection  of  roots  to  form  names  for 
divisions  not  yet  named  it  is  suggested  that  they  be  adjusted  to 
the  relative  position  of  the  division  to  which  they  are  to  be 
applied,  that  is,  where  names  in  present  use  are  to  be  trans- 
formed into  those  of  the  quantitative  system  by  changing  the 
termination.  Names  that  have  been  applied  to  groups  of  rocks 
should  be  used  for  larger  magmatic  divisions,  and  those  given 
to  specific  rocks  should  be  given  to  smaller  magmatic  divisions. 
Moreover,  rocks  upon  which  a  new  name  is  based  should  be 
unaltered  and  well  analyzed.  A  locality  root  should  be  used 
if  possible,  and  it  should  be  as  short  aS  reasonable.  The  rock 
upon  which  a  new  term  is  based  should  be  as  near  as  possible 
the  center  of  a  division  and  not  near  the  boundary  between 
two  divisions. 

A  rock  whose  composition  is  such  that  its  magma  occurs  near 
the  boundary  between  two  magmatic  divisions  should  receive  a 
compound  magmatic  name  composed  of  the  magma  names  for 
these  two  divisions  of  the  system,  that  in  which  the  rock  magma 
occurs  being  placed  second. 

The  names  of  the  five  Classes  are  compounded  of  the  mnemonic 
syllables  sal  and  fem,  the  prefixes  corresponding  to  the  relative 
proportions  of  the  two  primary  groups  of  standard  minerals, 
and  the  proper  termination. 

Class      I,  Persalane:  extremely  salic,  r^ — >  ^• 

Class    II,  Dosalane:  dominantly  salcic,  ^ —  '^  T  '^  ^' 

Class  III,  Salfemane:    equally  salic  and  femic,  t^ —  <  o  >  f* 

^       "^  1?  em      3      5 

Class  IV,  Dofemane  :  dominantly  femic,  =; —  <  ^  >  ;^  • 

rem      5      7 

Class     V,  Perfemane:  extremely  femic,  p, —  <=  • 

Names  for  other  divisions  are  derived  from  those  of  geograph- 
ical localities.  Owing  to  their  number  they  have  been  placed 
in  tables  where  their  significance  and  definitions  may  be  made 
out.     They  do  not  need  specific  definition.* 

^  A  Glossary  of  new  names  and  words  employed  in  the  Quantitative 
System  will  be  found  in  the  publication,  Quantitative  Classification  of 
Igneous  Rocks,  by  Cross,  Iddings,  Pirsson,  and 'Washington.  The  Univer- 
sity of  Chicago  Press,  1903. 
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CLASS  I,  PERSALANE,  ^  >  j 


ORDER. 


Rang  1.  Pbralkalic, ^-^^ >  j 


SubraDg  1.  Perpotaesic,  jj— q  >  t 

Subrang  2.  Dopotanic,  jj^q  ""^  i  "^  3  " 
Subrang  3,  Sodipotaasic.  jT—q  "^  a  -^  s 
Subrang  4,  Dosodio,  jT-jq  "^  5  '*'  7  •  •  • 
Subrang  6,  Pereodic,  ^—q  <  7 


«    ^  KsO+NatO  ^7^5 

RaNO  2,  Doif  ALKALICt ^-q ^1^3 


Subrang  1,  Perpotassic,  ^r^\  >  t 

Subrang  2,  Dopotaasic,  c— q  <  j  -^  3  ■ 
Subrang  3.  Sodipotassic.  ir— q  ^3-^5 
Subrang  4,  Dosodic.  jjf— q  <  i  >  =  .... 
Subrang  6,  Persodic,  is— q  <  « 


t>         o   A                         K»0-HNa»0  ^«^3 
Rang  3,  Alkalicalciq g-g "^  5  ^  s 


Subrang  1,  Perpotaasic.  is— q  >  7 

Subrang  2,  Dopotaasic,  j^-q  <  v  ^  3  •  • 
Subrang  3,  Sodipotassic.  jt— q  ^  q  >  k 
Subrang  4,  Dosodic,  frr-Q  <  ^  >  =  . . .  • 
Subrang  5.  Persodic    ^j^ — =  <  - 


Rang  4,  Docalcic. 7^-7=; <  e  >  ^  •  • 

CaO  5       7 

Subrang  1-2.  Prepotaasic,  1;^— q  ^  3  •  •  • 
Subrang  3.  Sodipotaasic.  c— q  "^  3  >  5 
Subrang  4-6.  Preaodic.  ff-Q  <  ? 


Rang  6,  Pbrcalcic, ^^-^ <  ^  . 


Q      7 
1  —  >  - 

VICTORARE. 


2. 
BELGARE. 


F<i  >3 


1.  D€arga9e 


1-2.    X 

3.        z 
4-5.    X 


3         X 


1-2. 


3.        X 


4-5     X 


-1 


3  ?<*>^ 
^'F<3>5 

COLUMBARE. 


1.  AUukaae 


1. 


2.  Magdeburgose 

3.  Alaskoae 

4.  Taurooe 

5.  Westphalose 


2.  ^{«6adk4M€ 
1 

2.  Mihaloae 

3.  Tehamoee 

4.  Alabachose 

5.  Yukonose 


3.  Rieaenaae 

1 

2  X 

3.  Riesenoae 

4.  X 

5.  Vulcanose 


4.  X 
1-2  X 
3.  X 
4-5 


Nora.  —  X  indicates  that  analyses  are  known  which  belong  to  this  division,  but  that  no 
The  KiO.  Na»0  and  CaO  in  these  ratios  arc  only  those  in  the  salic  minerals. 
Subclass  II  is  represented  by  Section  1»  ^>-y  corundum-bearing  rocks,  which  occur 
Rang  1,  Uralase;   Subrang  3.  Uralose;   and  Rang  4.  Borsowase;    Subrang  3,  Borsowoae 
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49<?>i 
*•  F  ^  5  ^  7 

BRITANNARE. 

«•     K     <  7 
CANADARS. 

®-F<6>7 
RUSSARE. 

7^<?>? 
^'F^3^6 

TASMANARE. 

8  ?^<?>^ 
*^'F^1>3 

ONTARARE. 

X 

1.  Liparaae 

1.  Lebachose 

2.  Omeose 

3.  Liparoee 

4.  Kallerudoee 

5.  Noyangoee 

1.  Nordmarkate 
1 

1.  Miaaktue 
1 

1.  Lauoenaae 
1 

1 

1 

2 

2 

2 

3.  Phlegroee 

4.  Nordmarkoee 

5.  Tuolumnoee 

3.  Beemeroee 

4.  Miaskoee 

5.  Mariupoloee 

3.  Appianoee 

4.  Laugenoee 

6 

2.  To9eamue 
I     

2.  Pvlaakaae 

1 

2.  Viexzenaae 
1 

2.  Af (mmoufAoM 

2.  Dellenoee 

3.  Toeoanoee 

4.  Laseenoee 

5.  Maripoeoee 

2.  Vulsinoee 

3.  Pulaekoee 

4.  Laurvikoee 

5.  X 

2 

3.  Procenoee 

4.  Vieisenoee 

5         

4.  Monmouthose 

3.  CoUnadoM 
1 

3.           X 

1 

3       

2.  X 

3.  Amiatoee 

4.  Yellowstonoee 

5.  Amadoroee 

2.  Maiarunoee 

3.  X 

4.  X 

5  

4.           X 

1-2..^ 

3   

4.  Labradoraae 
1-2 

4.          X 

1-2 

3 

3 

4-5 

4-5.  Labradoroee 

4-5.      X 

• 

5.  Canadaae 

1 

name  haa  been  suggested. 


in  Orders  3.  4,  and  5.     The  following  have  received  names  in  this  system:    Order  5,  Indare; 
and  Rang  5.  Kyschtymase. 
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CLASS  II,  DOSALANE,  |^  <f>  t  • 


ORDER. 


,    _.                     K>0  4-Na»0  ^  7 
Rang  1,  Pbralkalic,  ^^-q —   >  £ 


1   5>? 


Subrang  1,  Perpotassic,  jr— q  >  ■; 

Subrang  2,  Dopotaaaic,  -»t--q  "^  ?  -^  3   • 
Subrang  3,  Sodipotaasic,  -jT-q  <  5  >  i 
Subrang  4,  Dosodic.  -j^— q  <  r  >  r  . .  . 
Subrang  5.  Peraodic,  -vr— q  <  7 


Rang  2,  Domalkalic. ^-^ "^  i  "^  3 

Subrang  1.  Perpotassic,  -^—q  >  t 

Subrang  2.  Dopotaaaic,       '  q  ^  i   ^  3  •  ' 
Subrang  3,  Sodipotaasic,  t;j — ^  ''^  3  "^  ^  " 

Subrang  4,  Dosodic,  74  ,0  *^  5  '^  ~ 

Subrang  6,  Peraodic.  m"q<- 


o    *                         KsO  +  NajO  ^5^3 
Rang  3,  Alkalicalcic, ^-^ ""^  3       5 

,    T>        X      •      KsO    ^  7 
Subrang  1,  Perpotaaaic,  j.    ^  >  r 

Subrang  2,  Dopotaaaic,  -=^    o        1       3  " ' 
Subrang  3,  Sodipotaasic,  -jj— q  <  3  -^  5-  ■ 

Subrang  4,  Dosodic,  jj^—q  <  r  >  ^ 

Subrang  5,  Peraodic,  -j^ — ^  <  z 


Rang  4,  Docalcic,  ^-^ *^  5  -^  7 


Subrang  1-2,  Prepotaasic,  -jv— q  >  :. 


«  «  J      .      •      KsO     ^6^3 
Subrang  3,  Sodipotaasic.  j.    ^  *^  3  '*"  5 

Subrang  4-5  Preaodic,  ^^ — ^  <  ^ 


CO-  KaO+NatO  ^  1 

Rang  5.  Pbrcalcic,  pr-pc <  s, 

L/aU  < 


^'  F  ^  1  ^  3 


3  ^<^>? 
^'  F  <  3  >  5 

HISPANARE. 


1.  Vonni^aM 


3.  Varingoae 


4. 


5. 


3.  Alme7xi9e 


3.  Almerose 

4.  Sitkoae 

5 


4.  X 

1-2.      X 


4-5.       X 


5.  Oordtnuue 


Note.  —  X  indicates  that  analyse*;  are  known  which  belong  to  this  diviaioa,  but  that  no 
name  haa  been  suggested. 
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Q      3      1 
4  ^  <  -  >  - 

*•  F  ^  5  -^  7 

AUSTRARE. 

5'     F    <7 
GERMANARE. 

*'  F  <  6  >  7 
NORGARE. 

7  ^<?>? 
'•  F  ^  3  ^  5 

ITALARE. 

8  ?^<^>^ 
»•  F  ^  1  ^  3 

CAMPANARE. 

^'•F^l 
LAPPARE 

1.  PanteUeraae 
1 

1.  Umptekase 
1 

1.  Laurdala»€ 
1 

1.  Lujavrase 
iChtbinaae)^ 

1 

1.               X 

1 

1.  Urtase 
1 

2           

2.  Highwoodose 

3.  Ilmenose 

4.  Umptekose 

5 

2.  Fergusose 

3.  Judithose 

4.  Laurdalose 

6 

2 

2 

2 

3.  Grorudose 

4.  Pantelleroee 

5 

3.  Janeirose 

4  Lujavroee 
(ChibiDose)^ 

5 

3.          X 

4 

3.  Arkansose 

4.  Urtose 

5.           X 

6 

2.  Daeaae 

1 

2.  Afonzonose 
1 

2.  Es8€X€i»e 

1 

2.  yutturaa« 
1 

2.  Vesuvaae 
1 

2  

2.  Ciminose 

3.  MoDBonose 

4.  Akerose 

5.  X 

2.  Vicoee 

3.  Borolanose 

4.  Essexose 

5               

2.  Braccianose 

3.  X 

4.  Vulturose 
5.. 

2  Vesuvose 
3 

3.  Adamelloee 

4.  Dacose 

5 

4.          X 

5  

3.  TondUue 

1 

3.  Andate 

1 

3.  Salemase 

1.               X 

• 

2.  X 

3.  X 

4.  Salemose 

5.  X 

3.          X 

1 

2.  X 

3.  Harzose 

4.  Tonalose 

5.  Placerose 

2.  Auruncone 

3.  Shoshonose 

4.  Andose 

5.  Beerbachose 

2   

• 

3.  X 

4.  X 

5 

3.           X 

4-5.  Bandose 

4.  Heasaae 

1-2 

4.           X 

1-2 

3.            X 
4-5.  Hessose 

3 

4r-5.          X 

5.  Conttse 

• 

The  liaO,  NatO  and  CaO  in  these  ratios  are  only  those  in  the  salic  minerals. 
*  These  names  have  been  suggested  by  V.  Hacianan  as  more  correctly  derived. 
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CLASS  III,  SALFEMANE,^<|>| 


ORDER. 


o          ,    T>-                    KsO+Na«0  ^  7 
Rang  1,  Pbralkalic, p-^r >  r . 


Subrang  1,  Perpotaasic, 


K»0         7 
NatO  ^  i 


Subrang  2,  Dopotassic,  -jt— q  <  T  >  3  • 
Subrang  3,  Sodipotaasic.  -JtT-q  <  3  >  5 
Subrang  4,  DoBodic,  -j^^k  ""^  k  ^  7  •  *  • 
Subrang  5,  Persodic,  -j^ — ^  <  ^ 


Rang  2,  Doualkalic, ^-^ "*^  1  -^  3 

Subrang  1,  Perpotaasic,  -^—q  <  j 

Subrang  2,  Dopotassic,  -=t — ^  <  r  >  3  •  • 
Subrang  3.  Sodipotaasic,  >.'  q  "^^  3  ^  6  ' 

Subrang 4,  Doeodic,  itt—tt  <  =  >  - 

Subrang  6,  Persodic  -jr—Fi  <  ^ 


Rang  3,  Alkalicalcic, ;^— fj <  s  >  i 

CaU  o        0 


Subrang  1,  Perpotaasic, 


KiO         7 
Na*0  ^  i 


Subrang  2,  Dopotassic,  -js— q  "^^  1  '^  a 


Subrang  3,  Sodipotaasic, 


KtO    ^53 
NasO  "^3^6 


Subrang  4,  Dosodic,  -j^ — r^r  <  e  >  7 
Subrang  5,  Persodic,  >,    >-v  <  ^  . . . . 


Rang  4,  Docalcic,  - — ^^-pr <  =  >  =  . 

^aU  5        7 

Subrang  1-2,  Prepotaasic,  ^  >  | . . . . 
Subrang  3,  Sodipotaasic,  ■%?— q  <  3  -^  5 
Subrang  4-5,  Preeodic,  ->.'  >-.  <  = 


_         ^  -,                   KjO+NatO  ^  1 
Rang  5,  Pbrcalcic, p-^t <  = 


Q      7 
1  —  •>  - 


2  ^<^>? 


3  9<«>3 

^'  F  <  3  >  6 

ATLANTARE 


1.  Aodbo&ue 


2. 
3. 


5.  Rockallose 


Note.  —  X  indicates  that  analyses  are  known  which  belong  to  this  division,  but  that 
no  name  has  been  suggested. 
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*•  F  ^  5  ^  7 
VAALARE. 

^'     F    <7 
GATJiARE. 

®*  F  <  5  >  7 
PORTUGARE. 

7  ^<^>? 
'•F^3^6 

KAMERUNARE. 

^•F<1>3 
BOHEMARE. 

9  ^>? 
»'  F  >  i 

FINNARE. 

1 

1.  Orendaae 
1.  Orendose 
2 

1.  Wyomingaae 
1.  Wyomingose 
2 

1.  Maligna^ 

1 

l.CholaM 

1 

1.  IjoUue 

1 

2 

2.  Chotose 

3 

2.  Madupose 
3 

3 

3.  X 

4.  X 

6 

3.  X 

4.  Malignooe 

5 

4.           X 

5 

4 

4.  liwaroae 

5 

5.  Ijoloae 

2 

2.  Kilaiuue 

1 

2.  Mon6kxq^aie 
1 

2.  Kamertauue 
1 

2.  Albatuue 
1 

2.  Proweraose 

3.  Lamaroae 

4.  Kilauoae 

5.  X 

2 

2.  Jugose 

3.  Caocadose 

4.  Kameninoee 

5.  X 

2.  Albanose 

3.  X 

4.  Covoee 

5.  X 

3.  Shonkinode 

4.  Monchiquose 
5 

3.  Vaakue 
1 

3.  Camptoruue 
1 

3.  Limburgaae 
1 

3.  Etindase 

1 

2 

2.  Aboarokose 

3.  Kentallenose 

4.  Camptonose 

5.  Ornose 

2.0ttajanoae 

3.  Ouroee 

4.  Limburgose 

5.  X 

2.  Fiasoonoee 

3 

3 

4.  Vaalose 
5 

4.  Etindose 

5.  X 

4.         X 

1-2 

4.  Aitvergnaae 
1-2 

4.            X 

1-2 

4.             X 

1-2 

3 

3.           X 

4-5.  Auvergnoae 

3.           X 
4-5.       X 

3.            X 

4-5 

4-6.     X 

5.  Kedabekaae 

The  K|0.  NasO  and  CaO  in  these  ratios  are  only  those  in  the  salic  minerals. 
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oils 


III 


i  I 


a 'Jo*' 


Sl^lg'' 


t      S       B 

s     I     i 


3    S 

I  I 


1  I 
I  t 


OI            ORDER  4.  ^  <  1  >  i  .  ADIRONDACKARE. 
^'*                                          M          5       7 

ORDER  6. 

Per 

1  =>^ 

2  5<?>5 

Adirondackore. 

3  5<^>? 

Ghamplainore. 

4  5<^>i 

z 

jH    2     5 

''•T^l>3 

/"»!.     .      . 

1.  ChampUunaae 
1.  Champlainiase 
1 

1 

1 

iju 

1.  AdirondackiMe 
1 

1 

1 

■     a 

1 

1 

•     ■     • 

2 

2 

2 

2 

a  

3 

3 

3 

4.             X 

5 

4.            X 

5 

4 

4.        X 

5 

5.        X 

'      '     ■ 

n. .  . 

2.  . 

1 

2         

.X. 

3 

•  •  • 

• 

4.        X 

' 

•    >    ■ 

•    «    t 

>    •   1 

•    •    « 

HOC 
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Magmatic  names  carry  with  them  an  implication  of  the  chem- 
ical composition  and  the  standard  mineral  composition  of  the 
magmatic  division  to  which  they  belong,  there  being  quantita- 
tive limits  to  their  application.  To  express  the  mode  of  a 
rock  accurately  the  name  must  indicate  the  kinds  of  minerals 
actually  present  as  well  as  their  amounts.  Owing  to  the  wide 
range  of  possibilities  in  many  cases  this  problem  becomes  exceed- 
ingly intricate  and  impracticable  of  exact  solution.  But  an 
approximation  may  be  made  in  the  following  manner: 

If  the  mode  is  normative,  the  chief  minerals  present  in  the 
rock  are  characteristic  of  the  norm  and  are  suggested  by  the 
magmatic  name.  To  indicate  this  mode  of  the  rock  it  is  only 
necessary  to  use  the  word  normative  with  the  magmatic 
name.  When  it  is  desirable  to  indicate  what  particular  combi- 
nation of  feldspars  is  present,  as  when  albite  and  anorthite 
unite,  or  orthoclase  and  some  albite  are  in  solid  solution, 
this  may  be  done  by  specifying  the  particular  feldspars  devel- 
oped. 

Mineral  Qualifiers.  —  If  there  are  minerals  in  the  rock  not 
characteristic  of  the  norm,  their  presence  may  be  indicated  by 
using  their  special  mineral  names  as  qualifiers  of  the  magmatic 
name.  Two  sets  of  cases  may  be  distinguished  by  different 
methods:  (1)  When  the  distinctive  minerals  are  present  in 
such  small  amounts  that  they  may  be  termed  varietaZ  minerals, 
that  is,  when  they  do  not  render  the  mode  abnormative,  the 
mineral  name  is  given  an  adjective  form  by  adding  the  suffix  -ic, 
and  the  magmatic  name  is  qualified  by  it;  as  biotitic  monzonose. 
If  it  is  desired  to  use  the  names  of  several  varietal  minerals, 
their  names  may  be  connected  by  hyphens  and  the  last  one 
modified  by  the  suflBx  -ic;  as  hornblende-biotitic  monzonose. 
(2)  When  the  distinctive  minerals  are  present  in  sufficient 
amounts  to  render  the  mode  abnormative,  that  is,  when  they 
are  critical  minerals,  their  presence  is  indicated  by  uniting  their 
mineral  names  with  the  magmatic  name  by  means  of  hyphens; 
and  when  they  are  in  different  amounts  the  name  of  the  most 
abundant  is  placed  nearest  to  the  magmatic  name  and  the 
least  abundant  farthest  from  it:  as  Motite'hornblende'andose. 

In  naming  a  rock  by  this  method  the  magmatic  name  em- 
ployed may  be  of  such  a  taxonomic  value  as  represents  the 
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degree  of  knowledge  at  hand  respecting  the  composition  of  the 
rock.  If  it  is  only  known  to  what  Class  it  belongs,  as  of 
the  second,  it  may  be  called  simply  a  dosalaney  or  most  likely  a 
dosalone.  If  the  relative  proportions  of  the  principal  salic  con- 
stitutents  are  known,  the  Order  may  be  determined  and  it  may 
be  called  a  norgare,  if  of  the  sixth  Order. 

Textural  Qualifiers.  —  The  texture  of  a  rock  is  indicated  by 
an  adjective  expressing  the  fabric,  the  crystallinity,  and  the 
granularity,  which  may  in  some  cases  be  abbreviated  so  as  to 
be  used  as  a  prefix  with  the  addition  of  the  letter  o  to  indicate 
that  the  texture  is  recognizable  megascopically,  and  i  to  indi- 
cate that  it  is  microscopic.     For  example: 

Grano  =  megascopically  granular;  grani  =  microscopically 
granular. 

Grapho  =  megascopically  graphic;  graphi  =  microscopically 
graphic. 

Vitro  =  megascopically  glassy;  vitri  =  microscopically  glassy. 

Either  the  mineral  or  textural  qualifiers  may  be  placed  next 
to  the  magmatic  name  according  to  the  emphasis  to  be  given 
them,  it  being  understood  that  the  term  nearest  the  magmatic 
name  carries  the  strongest  emphasis. 

Tjrpe  and  Habit.  —  It  is  obvious  that  if  great  precision  is 
desired,  and  numerous  mineral  and  textural  qualifiers  are  to  be 
used,  the  resulting  polynomial  name  will  be  of  considerable 
length,  comparable  with  that  which  may  be  used  in  the  quali- 
tative system,  as  quartz-hornblende-biotite-diorite-porphyry. 
This  may  not  'be  as  great  a  ^ifiiculty  as  it  at  first  appears,  since, 
after  a  given  rock  has  been  described  and  named  in  full  in  any 
article,  it  may  be  referred  to  subsequently  by  its  magmatic 
name,  alone  or  with  a  textural  or  modal  qualifier  according  to 
circumstances.  When  the  same,  or  similar,  assemblages  of  modal 
and  textural  characters  are  found  in  rocks  at  many  localities  it 
is  desirable  to  express  these  concisely,  that  is,  to  designate  a 
particular  assemblage  of  characters  by  one  denotive  term. 
Two  degrees  of  similarity  may  be  recognized  by  diflferent  forms 
of  sufiixes  applied  to  a  denotive  root  word.  One  is  almost  com- 
plete identity y  the  other  a  general  resemblance. 

Type.  —  For  the  first,  almost  complete  identity,  may  be  used 
the  term  type.     Rocks  may  be  said  to  be  of  the  same  type  when 
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they  are  almost  identical  in  norniy  mode,  and  texture.  They  are 
so  much  alike  that  they  may  be  mistaken  for  one  another,  or  be 
parts  of  the  same  rock.  For  such  a  combination  of  modal  and 
textural  features  a  term  is  to  be  formed  whose  root  is  derived 
from  the  name  of  some  geographical  locality  not  already 
employed  for  a  magmatic  name  and  whose  termination  is  to 
be  -oZ. 

Habit.  —  When  one  rock  resembles  another  in  general  appear- 
ance, by  exhibiting  some  of  its  characteristic  modal  ot  textural 
features  without  being  identical  in  composition  or  mode,  they 
are  said  to  possess  the  same  habit.  Thus  two  rocks  may  be 
porphyritic,  having  rhombic-shaped  phenocrysts  of  feldspar  in 
a  dark-colored,  aphanitic  groundmass,  but  they  may  belong  to 
different  magmatic  divisions,  one  having  a  notable  amount 
of  nephelite  and  the  other  not.  To  express  the  characteristic 
features  of  one  in  terms  of  the  other,  which  may  have  been 
thoroughly  described  and  named,  a  term  is  formed  of  a  root, 
chosen  as  in  the  case  of  a  typal  term,  with  the  termination  -aid. 

Thus  a  particular  form  of  rock  belonging  to  the  lendofelic 
Order,  russare,  of  the  persalanes,  may  constitute  a  tingual  type, 
with  a  definite  norm,  mode,  and  texture,  while  a  somewhat 
similarly  appearing  rock  belonging  to  the  lendofelic  Order, 
norgare,  of  the  dosalanes,  may  possess  a  tingvmd  habit.  A  hab- 
ital  qualifier  may  be  applied  to  a  magmatic  name  of  any  system- 
atic division,  since  it  does  not  specify  the  precise  composition 
of  a  rock.  Examples  of  the  use  of  typal  and  habital  terms  in 
describing  igneous  rocks  by  this  method  are  to  be  found  in  the 
study  of  the  rocks  of  the  Roman  Region,  Italy,  by  Washington.* 

METHOD  OF  CALCULATING  THE  NORM 

Since  the  norms  of  rock  magmas  are  standards  by  which  they 
are  to  be  compared  with  one  another,  and  represent  in  each  case 
one  of  a  number  of  possible  mineral  compositions  that  may  be 
assumed  by  a  magma  upon  crystallizing,  it  is  necessary  to  fol- 
low a  definite  method  of  calculation  in  establishing  norms. 
The  calculation  is  made  from  the  statement  of  the  chemical 

*  Washington,  H.  S.  The  Roman  Comagmatic  Region,  Publication 
No.  57,  Carnegie  Institution  of  Washington,  1906. 
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composition  of  the  rock,  either  as  given  in  a  chemical  analysis 
obtained  directly  as  such,  or  as  estimated  from  an  optical  study 
of  the  mineral  composition  of  the  rock. 

The  method  of  procedure  followed  in  the  Quantitative  System 
of  Classification  just  described  is  based  on  certain  chemico- 
mineralogical  relations  affecting  the  development  and  association 
of  pyrogenetic  minerals  which  have  been  discussed  at  some 
length  in  Chapter  IV  of  Part  I.  They  may  be  briefly  sum- 
marized as  follows: 

Salic  Minerals  —  There  is  a  constant  molecular  ratio  between 
the  alkalies,  potassium  and  sodium,  and  the  alumina  in  the 
feldspars,  in  leucite  and  nephelite;  and  also  between  lime  and 
alumina  in  anorthite.     This  ratio  is  1  :  1. 

The  relative  strength  of  chemical  activity  of  these  base-form- 
ing elements  is  such  that  potassium  exerts  a  stronger  hold  on 
aluminium  than  does  sodium,  and  both  of  these  elements  are 
more  active  in  combining  with  it  than  is  calcium.  Conse- 
quently the  demands  of  potassium  are  to  be  satisfied  first  so  far 
as  its  combination  with  aluminium  is  concerned;  then  those  of 
sodium,  and  lastly  those  of  calcium. 

If  there  is  more  alumina  present  than  will  satisfy  the  ratio  of 
1  :  1  with  each  of  the  elements  named,  the  excess  is  calculated 
as  corundum  in  the  norm.  If  there  is  not  sufficient  alumina  to 
satisfy  the  demands  of  potassium,  sodium,  and  calcium,  the 
elements  are  allotted  to  alumina  in  the  order  in  which  they  are 
named. 

The  relative  activities  of  these  elements  also  determine  their 
combination  with  silicic  acids  and  the  possible  presence  of 
quartz  in  the  norm.  Potassium  and  sodium  will  become  poly- 
silicates  if  there  is  sufficient  silica  when  other  demands  on  it 
are  taken  into  account.  And  metasilicates  and  orthosilicates  of 
these  elements  and  aluminium  will  not  form  unless  the  silica  is 
insufficient  to  form  the  polysilicates. 

There  is  also  a  fixed  ratio  between  zirconia  and  silica  in  zircon, 
namely,  1:1. 

Femic  Minerals.  —  The  only  common  femic  mineral  con- 
taining alkali  is  acmite,  in  which  soda  bears  a  constant  ratio  to 
ferric  oxide,  1:1,  and  this  compound  does  not  form  unless  there 
is  insufficient  alumina  to  satisfy  the  alkalies  in  the  magma. 
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There  are  a  number  of  simple  compounds  with  constant 
ratios  between  their  components  which  may  be  expressed  as 
follows:  In  magnetite,  FeO  :  FeaO,  :  :  1  :  1.  In  ilmenite, 
FeO  :  TiOj  :  :  1  :  1.  In  titanite  and  peroyskite,  CaO  :  TiO, : :  1  : 1, 
the  amount  of  silica  in  the  magma  determining  whether  the 
titanosilicate  is  developed  or  not.  There  is  also  a  fixed  ratio 
between  lime  and  phosphorus  pentoxide  in  apatite,  CaO  :  P2O5  :  : 
3.33  :  1;  and  a  constant  ratio  between  lime  and  magnesia  with 
ferrous  oxide  in  diopside,  CaO  :  (Mg,Fe)0  :  :  1  :  1. 

The  greater  chemical  activity  of  calcium  than  of  magnesium 
and  iron  determines  the  higher  silication  of  calcium  when  there  is 
not  sufiicient  silica  to  form  metasilicates  of  all  of  these  elements. 
And  the  absence  of  pyrogenetic  wollastonite,  CaSiOj,  together 
with  the  very  common  occurrence  of  diopside,  Ca(Mg,Fe)(SiOs)2, 
determines  the  introduction  of  this  compound  among  the  femic 
normative  minerals  as  the  chief  calcium-bearing  femic  mineral. 
The  hold  of  calcium  on  magnesium  and  iron  in  this  compound 
is  so  strong  that  they  seldom  form  silicates  independently  of 
calcium,  unless  they  are  in  excess  of  the  calcium  available  for 
this  or  an  analogous  silicate.  When  there  are  not  enough 
magnesium  and  iron  for  this  purpose  the  excess  of  calcium 
must  appear  as  a  more  calcic  silicate,  which  in  constructing 
I  a  norm  is  calculated  as  wollastonite. 

When  there  is  an  excess  of  magnesium  and  iron  over  that 
required  in  diopside  it  may  form  hypersthene  or  olivine,  accord- 
ing to  the  amount  of  silica  available  after  the  more  active  base- 
forming  elements  are  satisfied. 
I  In  rare  instances  sodium  is  so  abundant  in  the  magma  that  it 

!  enters  ferromagnesian  compounds  without  fixed  ratios  to  other 

constituents,  as  in  certain  sodic  amphiboles.  This  necessitates 
the  introduction  into  the  norm  of  simple  sodium  metasilicate, 
and  still  more  rarely  potassium  metasilicate. 

Calculation  of  the  Norm.  —  The  method  of  calculating  the 
percentages  of  standard  minerals  in  the  norm  of  any  igneous 
rock  is  as  follows: 

1.  Determine  the  molecular  proportions  of  the  chemical  com- 
ponents of  a  rock  as  expressed  in  its  chemical  analysis  by  divid- 
ing each  percentage  weight  by  the  molecular  weight  of  the 
particular  component. 
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2.  Small  amounts  of  MnO  and  NiO  are  to  be  united  with 
FeO;  of  BaO  and  SrO  with  CaO;  and  of  CfjO,  with  FcjOj, 
unless  there  is  enough  of  any  of  these  rare  components  to  make 
it  desirable  to  calculate  their  mineral  molecules  separately. 

3.  Those  molecules  that  represent  fixed  or  invariable  com- 
pounds are  established  by  making  the  following  allotments: 

(a)  To  CrjOj,  if  present  in  notable  amount,  is  allotted  FeO  in 
the  ratio  CrjOj  :  FeO  :  :  1  :  1,  for  chromite  in  the  norm. 

(b)  To  TiOj  is  allotted  FeO  in  the  ratio  TiO,  :  FeO  :  :  1  :  1, 
for  ilmenite.  Excess  of  TiO,  over  available  FeO  is  combined 
with  CaO  in  the  ratio  CaO  :  TiOj  ::!:!,  for  perovskite  or 
titanite  according  to  the  silica  available,  to  be  determined 
subsequently.  Excess  of  TiO,  after  these  allotments  is  to  be 
calculated  as  rutile. 

(c)  To  P2O5  is  allotted  CaO  in  the  ratio  PjOj  :  CaO  :  :  1  : 3.33, 
for  apatite.  If  fluorine  is  present  in  the  analysis  allot  F  to  the 
lime  in  apatite  in  the  ratio  F  :  PjOj  :  :  0.33  :  1. 

(d)  If  there  is  fluorine  in  excess  of  that  used  for  apatite  allot 
to  it  CaO  in  the  ratio  Ca(0)  :  F  :  :  1  :  2,  for  fluorite. 

(e)  To  CI,  if  present,  allot  Na^O  in  the  ratio  CI  :  Na,(0)  :  :  2  : 1, 
for  sodium  chloride. 

(/)  To  SO,,  if  present,  allot  Na^O  in  the  ratio  SO,  :  Na^O  ::!:!, 
for  sodium  sulphate. 

(g)  To  S,  if  present,  allot  FeO  in  the  ratio  S  ;  Fe(0)  :  :  2  :  1, 
for  pyrite. 

(A)  To  COj  in  undecomposed  rocks  allot  CaO  in  the  ratio 
CO2  :  CaO  :  :  1  :  1,  for  calcite.  If  it  is  evident  that  there  is 
secondary  calcite  in  the  rock,  the  CO,  is  not  introduced  into 
the  norm  but  is  neglected  in  the  calculation. 

The  mineral  molecules  of  more  or  less  variable  character  gen- 
erally form  the  major  part  of  the  norm  and  are  calculated  as 
follows: 

4.  To  KjO  is  allotted  AljO,  in  the  ratio  of  1  :  1,  for  ortho- 
clase  or  leucite,  according  to  the  available  silica  which  is  to  be 
determined  subsequently.  And  to  NajO,  not  already  used  in 
operations  3,  (e),  (/),  is  allotted  AljOj  in  the  ratio  1  :  1,  for 
albite  or  nephelite,  according  to  available  silica  afterwards 
determined. 
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6.   If  there  is  more  AljO,  than  available  KjO  +  Na^O, 
(a)  To  excess  of  AljO,  allot  CaO  in  the  ratio  of  1 : 1,  for  anorthite. 
(6)  If  there  is  still  Al^O^  remaining  it  is  to  be  calculated  as 
corundum. 

6.  If  there  is  less  AljO,  than  available  K2O  +  NajO, 

(a)  It  is  first  allotted  to  K3O,  and  the  remainder  allotted  to 
an  equal  number  of  molecules  of  NasO,  the  extra  NajO  being 
combined  with  FcjOj  in  the  ratio  of  1  :  1,  for  acmite. 

(b)  If  there  is  still  excess  of  NajO  it  is  to  be  calculated  as 
sodium  metasilicate  (NajO  •  SiOj). 

(c)  If,  in  an  extremely  rare  instance,  there  is  not  enough 
AljOs  to  satisfy  the  KjO,  the  excess  of  K3O  is  calculated  as 
potassium  metasilicate  (KjO  •  SiO,). 

7.  When  the  determination  of  both  oxides  of  iron  in  the 
analysis  is  trustworthy  the  following  allotments  are  made: 

(a)  To  FejOa  is  allotted  NajO  under  the  condition  6,  (a). 

(6)  To  remaining  Fe^O,  is  allotted  FeO  in  the  ratio  1  :  1,  for 
magnetite. 

(c)  If  there  is  excess  of  FejO,  it  is  calculated  as  hematite. 

When  all  the  iron  in  the  rock  has  been  determined  in  the 
analysis  in  one  form  of  oxidation,  when  it  occurs  in  two  and 
there  is  much  iron  present,  no  reliable  norm  can  be  calculated. 
But  if  the  amount  of  iron  is  small  the  error  in  the  calculation 
may  be  negligible.  In  such  a  case,  if  all  the  iron  has  been 
determined  as  ferric  oxide,  it  is  to  be  calculated  as  FeO, 
except  that  necessary  for  Na20  in  acmite  under  condition  6,  (a). 

8.  When  there  is  CaO  in  excess  of  that  already  disposed  of 
under  conditions,  3  (6),  (c),  (d),  and  5,  (a),  it  is  adjusted  as  follows: 

(a)  To  the  available  CaO  is  allotted  (Mg,Fe)0  in  the  ratio  of 
1  :  1,  for  diopside,  it  being  understood  that  in  all  cases  where 
(Mg,Fe)0  is  used,  MgO  and  FeO  are  taken  in  the  same  ratio  to 
each  other  as  that  in  which  they  are  found  in  the  analysis  after 
FeO  has  been  allotted  to  the  molecules  already  mentioned. 
They  are  introduced  into  diopside,  hypersthene,  and  olivine, 
with  the  same  ratio  between  them  in  each  case. 

(6)  If  there  is  excess  of  CaO  after  providing  for  diopside  it 
is  set  aside  for  calcium  metasilicate  (CaSiOa),  wollastonite,  or 
sub-silicate  (4  CaO  •  3  Si02),  akermanite,  according  to  available 
silica  to  be  determined  later. 
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9.  When  the  available  CaO  is  not  sufficient  to  satisfy  all  the 
(Mg,Fe)0  then  the  excess  of  (Mg,Fe)0  is  set  aside  for  the  meta- 
silicate,  hypersthene,  or  the  orthosilicate,  olivine,  according  to 
the  available  silica,  which  is  determined  as  follows: 

10.  Silica  is  distributed  among  the  several  molecules,  estab- 
lished by  the  adjustment  of  the  base-forming  components,  by 
allotting  Si02  first  to  those  components  that  combine  with  it  in 
only  one  ratio  to  form  standard  minerals. 

(a)  To  Zr02  is  allotted  Si02  in  the  ratio  of  1  :  1,  for  zircon. 

(b)  To  CaO  and  AI2O3  in  anorthite  molecules  is  allotted  Si02 
in  the  ratio  CaO  :  Si02  :  :  1  :  2,  to  form  CaO  •  AI2O3  •  2  Si02.' 

(c)  To  CaO  and  MgO  4-  FeO  in  diopside  molecules  is  allotted 
SiOa  in  the  ratio  of  CaO  -h  MgO  +  FeO  ;  Si02  :  :  1  :  1,  to  form 
CaO  .  (Mg  +  Fe)0  •  2  SiOg. 

(d)  To  Na20  and  Fe203  in  acraite  molecules  is  allotted  Si02  in 
the  ratio  Na20  :  Si02  :  ;  1  :  4,   to  form  Na20  •  Fe203  •  4  Si02. 

11.  The  allotment  of  Si02  to  those  components  with  which  it 
may  form  more  than  one  kind  of  silicate  among  the  standard 
minerals  is  controlled  by  the  relative  chemical  activities  of  the 
base-forming  elements  and  the  amount  of  silicon  in  the  magma, 
as  explained  in  Chapter  IV  of  Part  I.  The  alternate  silicates  are: 
the  potassium  compounds,  orthoclase  and  leucite;  sodium  com- 
pounds, albite  and  nephelite;  calcium  compounds,  woUastonite 
and  akermanite;  magnesium-iron  compounds,  hypersthene  and 
olivine.  In  each  case,  when  present,  the  lower  silicate  of  the 
two  must  at  least  be  formed.  And  since  the  alkalies  are  the 
more  active  elements  and  will  form  the  higher  silicates  if  possi- 
ble, it  will  be  the  less  active  elements  that  will  oftenest  form 
the  lower  silicates  of  any  pair.  For  these  reasons  the  following 
method  of  adjusting  Si02  has  been  adopted: 

(a)  In  case  there  is  evidently  more  than  enough  Si02  to  form 
the  higher  silicates  of  each  of  these  pairs  of  compounds,  yielding 
an  excess  of  Si02  to  be  calculated  as  quartz  in  the  norm,  the 
proper  amount  of  Si02  is  allotted  in  each  case  to  form  poly- 
silicates  of  potassium  and  aluminium,  K2O  •  AI2O3  •  6  Si02,  and 
of  sodium  and  aluminium,  Na20  •  AI2O3  •  6  Si02,  as  well  as  the 
metasilicates  of  calcium,  CaO  •  Si02,  and  of  magnesium  and  iron, 
(Mg,Fe)0  •  Si02.  If  there  is  any  doubt  as  to  the  amount  of 
Si02  being  sufficient  to  make  the  higher  silicates  in  all  the  cases 
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presented  in  a  particular  problem  the  method  of  procedure  is  as 
follows: 

(6)  To  (Mg,Fe)0  set  aside  for  hypersthene  or  olivine  allot 
sufficient  Si02  to  form  olivine,  that  is,  MgO  +  FeO  :  Si02  :  :  2  : 1, 
forming  2  (Mg,Fe)0  •  Si02. 

(c)  To  CaO  set  aside  for  wollastonite  or  akermanite  allot 
sufficient  Si02  to  form  wollastonite,  that  is,  CaO  :  Si02  :  :  1  :  1. 
This  is  because  akermanite  (melilite)  is  an  extremely  rare  mineral, 
which  only  develops  in  magmas  very  low  in  silica. 

(d)  To  K2O  and  Na20  with  AI2O3  set   aside  for  feldspars 
or  lenads  allot  enough  Si02  to  form  polysilicates  in  the  ratio  . 
K2O  +  Na20  :  SiOa  :  :  1  :  6,   yielding    K2O  •  AI2O3  •  6  Si02  and 
NaO  .  AI2O3  •  6  Si02. 

(e)  If  there  is  v  excess  of  Si02  after  these  assignments,  it  is 
added  to  the  orthosilicate  of  (Mg,Fe)  to  raise  it  to  the  metasili- 
cate,  that  is,  to  convert  2  (Mg,Fe)0  •  Si02  to  (Mg,Fe)0  •  Si02. 
If  there  is  not  enough  Si02  to  convert  all  of  it  to  metasilicate  it 
may  be  distributed  by  the  following  equations: 

X  -\-  y  =  molecules  of  MgO  -f  FeO, 

X  +  ^  =  available  Si02, 
2 

where  x  =  number  of  hypersthene  molecules,  y  =  molecules  of 
olivine. 

(/)  If  there  is  excess  of  Si02  after  operation  11,  (e),  it  is  allotted 
to  the  CaO  •  Ti02  molecule  set  aside  for  titanite  or  perovskite. 
These  constituents  remain  as  perovskite  if  there  is  no  excess  of 
Si02  at  this  stage  of  the  calculation. 

(g)  Further  excess  of  Si02  is  calculated  as  quartz  in  the  norm. 

12.  If  there  is  insufficient  Si02  to  form  polysilicates  of  potas- 
sium and  sodium  under  11,  (d),  then  the  following  adjustment  is 
necessary: 

(a)  To  K2O  •  AI2O3  is  allotted  enough  Si02  to  form  polysili- 
cate,  K2O  •  AI2O3  •  6  Si02,  and  the  remaining  Si02  is  distributed 
between  albite  and  nephelite  by  means  of  the  equations 

X  -\-  y  =  molecules  of  Na20, 
6  x  +  2  1/  =  available  Si02, 

where  x  =  number  of  albite  molecules,  y  =  those  of  nephelite. 

(b)  If  the  Si02  is  not  sufficient  to  form  nephelite  out  of  all 
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the  available  Na20  under  (o),  then  before  allotting  Si02to  the 
K2O  molecules  it  is  allotted  to  the  Na20  so  as  to  form  nephelite, 
Na20  •  AI2O3  •  2  Si02,  and  the  remaining  Si02  is  distributed 
between  orthoclaise  and  leucite  by  means  of  the  equations 

X  H-  !/  =  molecules  of  K2O, 
6  X  +  4  1/  =  available  Si02, 

where  x  =  number  of  orthoclase  molecules,  y  =  those  of  leucite. 

13.  If  there  is  insuflBcient  Si02  to  form  leucite  and  nephelite 
with  olivine  it  is  necessary  to  reduce  a  sufficient  number  of 
silicate  molecules  to  lower  forms  to  produce  akermanite, 
4  CaO  .  3  SiOg. 

(a)  In  case  there  is  no  wollastonite,  note  the  deficit  of  SiOg 
after  leucite,  nephelite,  and  olivine  have  been  formed,  and  pro- 
ceed to  adjust  the  SiOg  by  the  equation 

molecules  of  akermanite  (4  CaO  •  3  Si02)  =  i  the  deficit  of  Si02. 

That  is,  there  will  be  |  as  much  CaO  required  to  form  aker- 
manite as  there  is  shortage  in  silica.  This  CaO  is  to  be  taken 
from  the  normative  diopside,  and  the  MgO  and  FeO  so  liberated 
are  to  be  calculated  as  olivine,  the  Si02  thus  released  making 
up  the  deficit  noted. 

(b)  In  case  there  is  wollastonite  already  formed  this  is  first 
converted  into  akermanite  by  the  equation  just  given. 

(c)  If  there  is  not  sufiicient  wollastonite  to  satisfy  the  deficit 
of  silica,  recalculate  the  molecules  of  diopside  and  wollastonite 
so  as  to  make  akermanite,  olivine,  and  diopside  by  means  of  the 
formulae 

2x  +  3i/+|=  available  Si02, 

X  +  4  ?/  =  molecules  of  CaO, 
X  +  2  =  molecules  of  MgO  -f  FeO, 

where  x  =  molecules  of  new  diopside,  y  =  molecules  of  aker- 
manite, and  z  =  molecules  of  olivine. 

14.  If  there  is  still  a  deficit  of  Si02  after  all  of  the  CaO  has 
been  allotted  to  akermanite,  and  all  the  (Mg,Fe)0  has  been 
reckoned  as  olivine,  then  the  K2O  must  be  distributed  between 
leucite  and  kaliophilite  by  the  equations 

X  -f  1/  =  molecules  of  K2O, 
4  X  -f  2  1/  =  available  Si02, 
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where  z  =  number  of  leucite  molecules,  y  =  those  of  kaliophi- 
lite. 

15.  In  the  extremely  rare  case  in  which  there  is  still  insuffi- 
cient Si02,  and  an  excess  of  AI2O3  and  (Mg,Fe)0,  which  might 
form  aluminous  spinel,  an  alferic  mineral,  the  excess  of  AI2O3  is 
to  be  calculated  as  corundum  in  the  norm,  and  the  uncombined 
(Mg,Fe)0  is  to  be  estimated  as  a  femic  mineral  and  placed 
with  the  nonsilicate,  mitic  group,  which  includes  magnetite, 
ilmenite,  etc. 

As  a  result  of  this  method  of  calculation  certain  standard 
minerals  do  not  occur  together  in  norms  in  this  system. 

Quartz  does  not  appear  in  norms  with  leucite,  nephelite, 
olivine,  akermanite,  or  perovskite. 

Hypersthene  does  not  appear  with  leucite,  nephelite,  or  aker- 
manite. 

WoUastonite  does  not  appear  with  hypersthene  or  olivine. 

Anorthite  does  not  appear  with  acmite. 

Albite  does  not  appear  with  leucite. 

Corundum  does  not  appear  with  diopside  or  acmite. 

Percentage  Weights  of  Minerals  in  the  Norm.  —  When 
the  chemical  components  have  been  distributed  in  molecular 
proportion  among  the  normative  mineral  compounds  the  per- 
centage weights  may  be  found  by  multiplying  the  number  of 
molecules  of  each  component  in  the  several  compounds  by  their 
molecular  weights.  This  operation  is  greatly  simplified  by  the 
use  of  tables  both  for  finding  the  molecular  proportions  of  the 
chemical  components  given  in  analyses  *  and  for  the  percentage 
weights  of  the  minerals  whose  molecular  composition  has  been 
calculated.  Such  tables  may  be  found  in  the  publication  of 
the  Quantitative  System  noted  below.' 

Examples  of  Calculations.  —  The  following  examples  of  the 
method  of  calculating  norms  are  taken  from  those  given  in  the 
first  publications  of  this  system.'  The  first  illustrates  a  case  in 
which  there  is  an  excess  of  silica  and  one  of  alumina,  yielding 
normative  quartz  and  corundum.  The  femic  silicate  is  hypers- 
thene.    The  method  of  classifying  the  magma  from  the  norm  is 

*  Kemp,  J.  F.     School  of  Mines  Quarteriy,  vol.  22,  pp.  75-88. 

'  Cross,  Iddings,  Pirsson,  and  Washington,  The  Quantitative  System  of 
Classification  of  Igneous  Rocks,  Chicago  and  London,  1903. 

*  loc  cU,,  pp.  652-669.  * 
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also  shown.  The  second  example  illustrates  the  method  of  dis- 
tributing Si02  between  albite  and  nephelite  after  reckoning  the 
femic  silicate  as  olivine.  The  third  case  is  one  requiring  the 
calculation  of  akermanite.  After  allotting  Si02  to  leucite, 
nephelite,  anorthite,  diopside,  and  olivine  there  is  a  deficit  of 
0.069 .  molecule  of  SiOa.  This  example  also  illustrates  the  case 
of  a  magma  intermediate  between  two  Classes,  II  and  III,  and 
the  resulting  compound  names. 

I. 

TOSCANOSE  (GRANODIORITE)  EL  CAPITAN,  YOSEWLITE  VALLEY,  CAL. 

Bulletin  168,  U.  S.  Geological  Survey,  p.  208. 
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II. 

NORDMARKOSE   (LITCHFIELDITE),   LITCHFIELD,   ME. 
BvUetin  168,  U.  S.  Geological  Survey,  p.  21. 
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In  the  rock  the  extra  AI2O3  enters  mica,  combining  with  the 
olivine  and  magnetite  molecules  and  because  of  low  magnesia 
making  lepidomelane. 
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III. 


VESUVOSE-ALBANOSE   (LEUCITITE).    CAPO   DI   BOVE,   ITALY. 
American  Journal  Science,  Vol.  9  (1900),  p.  66. 
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Calculation  of  Norm  from  Mode.  —  When  the  mode  of  a 
rock,  its  actual  mineral  composition,  can  be  determined  quanti- 
tatively with  reasonable  accuracy,  and  the  chemical  compo- 
sition of  the  constituent  minerals  is  also  determinable  or  can  be 
approximated  closely,  it  is  possible  to  calculate  the  chemical 
composition  of  the  rock  as  a  whole  and  from  this  analysis 
reckon  the  normative  minerals  by  the  method  just  described. 
\This  process  of  obtaining  the  norm  of  a  rock  is  only  applicable 
to  holocrystalline  rocks  whose  mineral  composition  is  recogniz- 
able and  determinable  optically.  It  cannot  be  applied  to  glassy 
rocks,  or  to  holocrystalline  ones  whose  crystals  are  too  minute 
to  be  identified  or  measured. 

When  all  the  minerals  are  recognizable  and  measurable  their 
relative  amounts  in  volume  may  be  determined  by  measuring 
with  a  micrometer  the  distance  across  each  crystal  in  lines 
through  thin  sections  of  a  rock,  when  the  fabric  is  such  that  the 
lines  along  which  the  measurements  are  made  yield  average 
diameters  for  all  kinds  of  crystals.  The  method  cannot  be 
employed  with  safety  when  the  texture  is  laminated,  if  there  are 
different  kinds  of  minerals.  In  order  that  the  error  of  measure- 
ment may  be  as  small  as  one  per  cent  in  any  case,  it  is  neces- 
sary to  measure  a  distance  across  the  rock  at  least  one  hundred 
times  its  average  grain. 

The  proportions  found  for  the  lengths  of  the  sections  across 
the  various  crystals  will  correspond  to  their  relative  volumes.^ 
From  these  the  relative  masses  or  percentage  weights  are 
derived  by  multiplying  each  volume  by  the  specific  gravity  of  the 
corresponding  mineral  and  reducing  the  total  to  one  hundred  parts. 

Coarse-grained  rocks  and  those  with  large  phenocrysts  must 
be  measured  megascopically  on  the  surface  of  proper-sized 
specimens.  In  the  case  of  porphyritic  rocks  the  relative  pro- 
portions of  phenocrysts  and  groundmass  must  be  determined 
megascopically  and  the  composition  of  the  groundmass  deter- 
mined microscopically.  In  extremely  fine-grained  rocks  when 
some  of  the  constituents  are  colorless  and  others  colored,  the 
amount  of  the  former  is  apt  to  be  underestimated  because  the 
colored  crystals  show  through  them  when  they  wedge  over  one 
another. 

^  Rosiwal,  Verb.  Wien.  Geol.  Reichs-Anst.,  vol.  32,  1898,  p.  143. 
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When  the  percentage  weights  of  the  component  minerals 
have  been  determined  the  chemical  constituents  in  the  rock  are 
found  by  multiplying  the  percentages  of  the  chemical  compo- 
nents in  each  kind  of  mineral  by  the  percentage  of  the  mineral 
in  the  rock.  In  a  few  minerals  the  chemical  composition  is 
definite  and  may  be  derived  from  the  formula  of  the  mineral  or 
from  other  sources. 

The  chemical  composition  of  the  feldspars  is  determinable  by 
optical  means,  from  the  refraction  or  optical  orientation  of  the 
crystals  as  described  in  text-books  of  the  rock  minerals.  It  is 
to  be  noted  that  the  ratios  between  albite  and  anorthite  ex- 
pressed by  Ab  :  An  deal  with  the  molecules  NaAlSiaOg  =  Ab 
and  CaAl2Si208  =  An,  whereas  the  molecules  derived  by  the 
method  of  calculating  the  normative  minerals  are  Na3Al2(Si308)2 
=-  albite  and  CaAl2(Si04)2  =  anorthite.  That  is,  the  norma- 
tive albite  molecule  is  twice  as  large  as  that  represented  by  Ab, 
while  the  anorthite  molecules  are  the  same  in  both  cases.  This 
is  a  source  of  confusion  in  the  calculation  of  the  lime-soda- 
feldspars  from  chemical  analyses  where  the  units  of  comparison 
are  Na20  and  CaO  and  not  Na  and  Ca.  Owing  to  the  simi- 
larity in  the  molecular  weights  of  the  Ab  and  An  molecules, 
262  and  278,  it  is  sufiiciently  accurate  in  most  cases  where  the 
ratio  between  these  molecules  has  been  determined  optically 
on  zonally  built  feldspars  to  apply  this  ratio  Ab/An  directly  to 
the  estimation  of  the  percentage  weights  of  albite  and  anorthite 
from  that  of  the  total  plagioclase  measured.  Thus  50  per  cent 
of  plagioclase  with  the  average  composition  Ab3An2  consists 
approximately  of  30  per  cent  albite  and  20  per  cent  anor- 
thite. 

For  other  minerals  with  variable  composition  such  as  the 
amphiboles,  pyroxenes,  and  micas,  the  relation  between  the 
optical  properties  and  the  chemical  composition  is  not  definitely 
known  at  present.  But  the  color  and  other  optical  properties 
may  be  used  in  a  general  way  as  guides  to  the  choice  of  typical 
formulae  or  special  chemical  analyses.  Moreover  it  appears  that 
the  amphiboles  in  similar  rocks  usually  have  similar  compo- 
sitions, so  that  it  is  possible  to  select  from  a  collection  of  analyses 
of  different  amphiboles  one  that  will  correspond  closely  to  the 
composition  of  a  particular  amphibole  in  a  new  rock  under 
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investigation.  The  same  is  true  of  most  pyroxenes  and  micas. 
Furthermore,  when  the  percentages  of  these  minerals  in  a 
rock  are  small,  errors  due  to  inaccuracies  in  specific  analyses 
are  often  negligible.  In  order  to  supply  such  a  collection  of 
analyses  for  amphiboles,  pyroxenes,  and  micas,  those  cited  in 
the  first  publication  of  the  Quantitative  System  are  repeated  in 
the  accompanying  tables.  When  there  are  any  of  these  min- 
erals in  the  mode  it  is  necessary  to  select  an  analysis  from  one 
of  those  given  in  the  table  which  corresponds  most  closely  to 
what  is  to  be  expected  for  the  mineral  in  the  mode,  considering 
its  optical  properties  and  the  general  character  of  the  rocks 
to  which  each  belongs.  The  constituents  in  the  analysis  are 
then  reduced  in  proportion  to  the  percentage  of  the  mineral  \n 
the  mode  and  added  to  the  other  chemical  constituents  of  the 
rock  derived  from  the  mode.  Having  assembled  all  the  chem- 
ical constituents  in  this  way  the  chemical  composition  of  the 
rock  as  a  whole  is  obtained.  From  this  the  norm  may  be  cal- 
culated in  the  manner  already  described. 


MODES  OF  THE  "BUTTE  GRANITE" 


* 
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20.97 
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4.84 

2.07 

.54 

.02 

20.34 

19.82 

41.48 

8.94 

5.67 

2.50 

1.02 

04 

12,740 

99.95 
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Calculation  of  Chemical  Analysis  from  Mode.  —  The  following 
example  of  the  calculation  of  analyses  from  the  mode  of  a  rock 
will  illustrate  the  method.  The  rock  examined  was  a  medium- 
grained  phanerocrystalline  rock  from  Butte,  Mont.,  the  Butte 
granite.     Sections   from   two   localities  were   measured  micro- 
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scopically  by  the  Rosiwal  method.  In  the  first  section  an 
aggregate  distance  of  12,470  units  of  the  micrometer  scale  was 
measured,  in  the  second  section  a  distance  of  7122  units.  In 
the  first  case  604  measurements  were  made,  in  the  second  403. 
In  the  first  case  the  average  section  across  the  plagioclase  crys- 
tals was  32  units  and  the  total  distance  through  plagioclase  was 
5492  units.  In  the  second  case  these  quantities  were  24  and 
3012.  The  minerals  composing  the  rock,  and  their  relative  vol- 
umes and  percentage  weights  are  shown  in  the  table  on  page  447. 


CHEMICAL  COMPOSITION  OF  THE  "  BUTTE  GRANITE  "  CALCULATED 

FROM  ITS  MODE 
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The  plagioclase  is  zonally  built  and  an  optical  study  places 
the  average  composition  at  about  Ab3An2,  furnishing  by  molec- 
ular calculation  24.71  Ab,  17.76  An  for  the  first  rock,  and 
24.29  Ab,  17.18  An  for  the  second.     The  hornblende  and  pyrox- 
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ene  together  have  been  analyzed  as  *'pure"  hornblende,  whose 
analysis  is  given  in  the  table  of  amphibole  analyses  (anal.  6), 
and  the  mica  also  from  this  rock  has  been  analyzed  and  is  given 
in  the  table  of  mica  analyses  (anal.  c).  The  chemical  constitu- 
ents derived  from  these  sources  are  placed  in  the  table  on  page 
448  and  the  resulting  estimated  analyses  of  the  two  speci- 
mens of  Butte  granite  studied  optically  are  given  in  the  col- 
umns headed  First  and  Second  Rock.  The  chemical  analysis  of 
a  third  specimen  of  Butte  granite  taken  from  the  Atlantic  mine 
and  analyzed  by  chemical  methods*  is  cited  for  comparison. 
The  success  of  the  optical  method  in  this  instance  is  apparent. 


CHEMICAL  CLASSIFICATION  OF  THE  QUALITATIVE  SYSTEM 

Osann's  Chemical  Classification.'  —  Dr.  A.  Osann  has  under- 
taken to  express  the  mineralogical  classification  of  Rosenbusch 
in  terms  of  the  chemical  composition  of  the  rocks,  preserving 
the  groups  and  definitions  of  that  system  and  setting  up 
within  each  of  the  larger  Families  a  series  of  chemical  types. 
There  is  no  attempt  to  readjust  the  boundaries  between  the 
principal  groups  of  rocks  or  to  suggest  a  new  nomenclature. 

The  method  followed  by  Osann  is  to  select  analyses  of 
unaltered  rocks  so  far  as  possible  and  reduce  the  percentage 
weights  to  molecular  proportions  after  the  analyses  have  been 
recalculated  to  a  summation  of  100.  Ti02,  Zr02,  and  P2O5  are 
reckoned  with  Si02;  BaO  and  SrO  are  united  with  CaO.  Fe203 
is  reduced  to  FeO,  except  in  cases  where  Fe203  is  needed  to 
combine  with  excess  of  Na20  to  form  acmite  molecules  when 
K2O  +  NaaO  >  AI2O3. 

The  molecular  proportions  thus  obtained  are  arranged  in 
several  groups  which  constitute  the  coordinates  by  means  of 
which  the  chemical  types  are  compared.  The  grouping  is  as 
follows: 

1.  The  percentage  weight  of  Si02  together  with  that  of  Zr02 
forms  one  factor,  designated  by  s. 

*  Stokes,  H.  N.,  analyst,  U.  S.  Geological  Survey,  Bulletin  168, 1900,  p.  117. 

*  Osann,  A.  Versuch  einer  Chemischen  Classification  der  Erupstivge- 
steine.  Tscher.  min.  petr.  Mitth.,  vol.  19,  1900,  pp.  351-469;  and  vol. 
20,  1901,  pp.  399-558 ;  vol.  21,  1902,  pp.  365-448;  vol.  22,  1903,  pp.  322-436. 
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2.  The  alkalies  and  alumina  are  united  molecularly  into  a 
group  (K,Na)2Al204;  and  the  alkalies  so  used  are  designated  by 
Ay  that  is,  A  =  K2O  +  Na20. 

3.  Alumina  remaining  after  operation  2  is  combined  with 
lime  to  form  a  group  CaAl204;  and  the  lime  so  used  is  desig- 
nated by  C. 

4.  The  remaining  CaO  is  united  with  FeO,  MnO,  MgO,  SrO, 
and  BaO  into  a  group  designated  by  F. 

5.  The  sum  of  the  alkalies,  K2O  +  Na20,  is  recalculated  so  as 
to  equal  10,  and  the  value  of  Na20  so  obtained  is  designated  by  n. 

The  coordinating  factors  are  s.  Ay  C,  F,  and  n.  Of  these,  A,  C, 
and  F  are  used  to  plot  the  position  of  the  analysis  of  a  rock  in 
an  equilateral  triangle,  and  in  each  case  they  are  recalculated  so 
that  their  sum  may  equal  20,  their  recalculated  values  being 
designated  by  the  letters  a,  c,  and  /.  The  corners  of  the  triangle 
are  lettered  -4,  C,  F,  at  which  points  each  of  the  factors  a,  c,  / 
becomes  a  maximum  respectively,  that  is,  20.  The  whole  rock 
may  be  expressed  by  a  formula  composed  of  the  factors,  s,  a,  c,/,  n. 
For  a  complete  exposition  of  the  system  and  the  resulting  types 
suggested  by  Osann  the  student  is  referred  to  the  publications 
already  cited, 

MEGASCOPICAL  PETROGRAPHY 

Owing  to  the  intricate  nature  of  the  inherent  qualities  and 
relationships  of  rocks,  which  involve  chemical  and  mineral  fac- 
tors that  require  special  knowledge  for  their  recognition  and 
treatment,  and  because  of  the  rapid  advancement  of  petrology 
along  the  lines  of  chemical  and  physical,  including  optical, 
research,  the  petrography  of  igneous  rocks  has  passed  beyond 
the  reach  of  many  whose  acquaintance  with  rocks  must  of  neces- 
sity be  partial,  but  who,  nevertheless,  require  a  certain  amount 
of  knowledge  of  rocks,  and  the  means  of  describing  them  to  the 
extent  of  such  knowledge.  This  applies  to  many  geologists, 
mining  engineers,  and  other  workers  in  geological  fields.  It 
applies  in  a  measure  to  petrologists  themselves,  for  many  of  the 
characteristics  of  rocks  are  not  discernible  except  upon  chem- 
ical or  microscopical  investigation,  which  can  only  be  under- 
taken in  the  laboratory,  so  that  the  preliminary  diagnosis  of 
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some  rocks  which  must  be  relied  upon  in  field  work  must  rest 
upon  those  features  which  are  recognizable  megascopically. 
Thus  the  specific  characters  of  the  feldspars  even  when  mega- 
scopic and  the  composition  of  aphanitic  rocks  cannot  be  deter- 
mined offhand. 

For  these  reasons  there  is  need  of  some  systematic  treatment 
of  rocks  which  can  be  followed  by  those  not  prepared  to  pursue 
the  more  specialized  methods  of  determination  and  description. 
Such  a  treatment  should  be  based  on  qualities  readily  recog- 
nized without  the  use  of  a  microscope,  and  the  names  used  in 
describing  the  rocks  should  be  defined  wholly  in  terms  of  such 
megascopic  characters.  Their  application  should  be  purely 
objective,  and  should  not  involve  conceptions  of  what  might  be 
in  the  rock  because  of  its  resemblance  to  others  that  have  been 
studied  microscopically  and  chemically,  for  such  resemblances 
are  sometimes  misleading.  The  names  of  rocks  defined  on 
purely  megascopic  data  must  have  quite  different  applications 
from  those  defined  in  terms  of  microscopical  and  chemical  char- 
acters. Consequently  rock  names  should  not  be  the  same  in 
two  systems  that  are  fundamentally  different. 

Many  names  given  to  rocks  by  the  earlier  geologists  were  origi- 
nally defined  in  terms  of  megascopic  characters,  and  are  equally 
appropriate  at  the  present  day  to  rocks  having  such  quali- 
ties. With  slight  modification  in  some  instances,  in  order  that 
they  may  accord  with  a  somewhat  more  systematic  treatment  of 
the  nomenclature,  they  may  be  employed  for  a  system  of  mega- 
scopical  petrography  which  will  be  useful  in  all  field  work,  and 
will  be  of  permanent  value  to  those  who  do  not  require  the 
more  precise  definitions  of  advanced  petrology. 

Such  a  megascopic  petrography  of  igneous  rocks  has  been 
outlined  in  the  first  publication  of  the  Quantitative  System  of 
Classification  of  Igneous  Rocks,^  and  has  been  successfully 
elaborated  bv  Pirsson  in  his  book  entitled  "Rocks  and  Rock 
Minerals,"^  in  which  rocks  are  described  and  treated  on  a  purely 

^  Cross.  Iddings,  Pirsson.  and  Washington,  Jour.  Geol.,  vol.  10,  1902;  and 
Quantitative  Classification  of  Igneous  Rocks,  Chicago  and  London,  1903» 
pp.  180-185 

'  Pirsson,  L.  V.  Rocks  and  Rock  Minerals,  New  York  and  Londoxi, 
1908. 
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megascopical  basis.     The  system  of  classification  proposed  for 
what  may  be  called  megascopic  petrography  is  briefly  as  follows: 

All  igneous  rocks  are  divided  according  to  texture  into  three 
divisions  or  classes: 

I.  Phanerites,  or  Grained  Rocks  (Pirsson).  —  All  rocks 
whose  component  minerals  are  large  enough  to  be  seen  by  the 
unaided  eye. 

II.  Aphanites,  or  Dense  Rocks  (Pirsson).  —  Aphanitic  or 
lithoidal  rocks,  whose  component  crystals  are  so  minute  that 
they  cannot  be  seen  and  recognized  by  the  unaided  eye.  This 
applies  to  the  groundmass  of  porphyritic  rocks,  whose  pheno- 
crysts  may  be  recognizable  megascopically 

III.  Glassy  Rocks.  —  Those  that  are  in  part  or  wholly  com- 
posed of  glass,  which  may  be  recognizable  by  the  unaided  eye. 

Rocks  of  Division  I  are  subdivided  according  to  mineral  com- 
position into  two  groups:  (a)  those  in  which  feldspar  or  quartz, 
or  both  together  predominate;  (6)  those  in  which  ferromagnesian 
minerals  predominate.  These  are  further  subdivided  into  two 
groups  as  follows: 

(a)  1.  Rocks  with  'preponderant  quartz  and  feldspars. 

Granite.  —  All  granular  igneous  rocks  composed  of  domi- 
nant quartz  and  feldspar  of  any  kind,  with  subordinate  ferro* 
magnesian  minerals  of  any  kind,  mica,  hornblende,  or  pyroxene. 
This  is  the  granite  of  Werner,  von  Leonhard,  and  others,  and 
includes  rocks  now  called  granite,  granodiorite,  most  quartz- 
diorites,  and  other  light-colored  quartzose  rocks  rich  in  feldspar. 
When  porphyritic  and  fine-grained  it   is  granite-porphyry. 

(a)  2.  Rocks  with  preponderant  feldspars,  with  little  or  no  quartz. 

Syenite.  —  All  granular  igneous  rocks  composed  of  dominant 
feldspar  of  any  kind,  with  subordinate  amounts  of  ferromagne- 
sian minerals,  and  without  noticeable  amount  of  quartz.  This 
includes  modern  syenite,  anorthosite,  and  the  more  feldspathic 
monzonites,  diorites,  and  gabbros. 

(fe)  1.  Rocks  with  preponderant  ferromagnesian  minerals  and 
smaller  amounts  of  feldspar. 

Diorite.  —  When  the  ferromagnesian  mineral  is  hornblende 
for  the  most  part.     This  is  the  diorite  of  d'Aubuisson,  as  defined 


J 
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by  von  Leonhard,  and  includes  the  less  feldspathic  of  modern 
diorites  and  hornblende-gabbros. 

Gabbro.  -7-  Those  with  dominant  pyroxene,  essentially  the 
gabbro  of  von  Leonhard.  In  those  cases  in  which  the  ferro- 
magnesian  mineral  does  not  appear  to  be  hornblende  it  will  be 
safe  to  consider  it  pyroxene  and  call  the  rock  gabbro. 

(6)  2.  Rocks  composed  almost  wholly  of  ferromxignesian  minerals. 
Peridotite.  —  When  there  is  considerable  olivine  present. 
Pyroxenite.  —  When  the  rock  is  almost  wholly  pyroxene. 
HoRNBLENDiTE.  —  When  it  is  almost  wholly  hornblende. 

Other  names  for  rocks  of  any  of  these  divisions  may  be  used 
according  to  the  definitions  in  the  Qualitative  Mineralogical 
System  when  the  constituent  minerals  are  recognizable  mega- 
scopically. 

Rocks  of  Division  II  are  divided  according  to  whether  they 
are  (a)  non-porphyritic,  or  (b)  porphyritic,  and  according  to 
whether  they  are  light-colored  or  dark-colored. 

(a)  1.  Felsite.  —  All  light-colored  aphanitic  rocks  that  have 
no  appreciable  amount  of  phenocrysts.  They  may  be  of  vari- 
ous tones  of  color  and  of  various  compositions. 

(a)  2.  Basalt.  —  All  dark-colored  aphanitic  rocks  without 
appreciable  amounts  of  phenocrysts. 

(6)  Porphyritic  rocks  with  aphanitic  groundmass  are  called 
porphyries  whatever  their  composition.  When  divided  accord- 
ing to  light  and  dark  color  they  become 

(6)  1.  Leucophyre.  —  A  term  first  used  by  Giimbel  for  cer- 
tain light-colored  porphyries.     They  may  also  be  called  fel- 

SITE-PORPHYRY. 

(6)  2.  Melaphyre.  —  A  name  used  by  Brongniart;  dark- 
colored  porphyries,  which  may  also  be  called  basalt-porphyry. 

When  the  phenocrysts  are  recognizable,  porpliyTiea  may  be 
further  named  according  to  the  kinds  of  phenocrysts,  as  quartz- 
porphyry    or   quartz-felsite-porph^B;^     j^^OiTj^-^Ka^A^t-YOB.- 
PHYRY,  and  so  on. 


454    QUANTITATIVE  CLASSIFICATION  OF  IGNEOUS  ROCPCS 

Rocks  of  Division  III  are  grouped  according  to  the  character 
of  the  glassy  portion  of  the  rock  as 

Obsidian.  —  Vitreous  rocks  of  any  color,  usually  black,  often 
red,  less  often  brown  or  greenish. 

PiTCHSTONE.  —  Resinous,  less  lustrous  than  obsidian  and 
generally  lighter  colored. 

Perlite.  —  Glassy  rocks  with  perlitic  structure,  usually  gray 
in  color. 

Pumice.  —  Highly  vesicular  glass,  usually  very  light-colored. 

When  glassy  rocks  are  notably  porphyritic  they  may  be 
called  viTROPHYRE,  and  may  be  qualified  by  the  name  of  the 
prominent  phenocrysts,  as  quartz-vitrophyre,  feldspar- 
viTROPHYRB  and  mica-feldspar-vitrophyre. 
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Abnormative  mode,  421. 

Abearokite,  374,  375. 

Absarokose,  429. 

Acid  orthosilicates,  129.. 

Acids,  115;  chemical  activity  of,  116. 

Acid  salts,  118. 

Acmite,  33,  46,  137. 

Adamellite,  358. 

Adamellose,  427. 

Adirondackare,    -ase,    -iase,    -ore, 
Class  IV,  opp.  430. 

^^te-augite,  40,  46. 

iESicmatite,  34,  61. 

.^Bchynite,  53,  59,  62,  66. 

Ailsyte,  355. 

Akerite,  364,  369. 

Akeroee,  427. 

Alaskase,  -oee,  424. 

Alaskite,  352. 

Albanase,  -ose,  429. 

Albite,  32,  55,  63,  128. 

Albitite,  363. 

Aleutite,  372. 

Alferic  minerals,  401. 

Alkali-aluminium  silicates,  127. 

Alkali-granites,  351. 

Alkali-syenites,  362. 

Alkali-trachytes,  365. 

Allanite  41,  47,  51,  56,  58,  143. 

Allivalite,  379,  380. 

Almandite.  47,  143. 

Almerase,  -oae,  426. 

Aln5ite,  393. 

Alsbachase,  -ose,  424. 

Alsbachite,  351. 

Aluminium,  51,  57,  123,  146. 

Amadorose,  425. 

Amblygonite,  36,  37,  56,  67,  70. 

Amiatose,  425. 

Amorphous  matter,  79. 

Amphiboles,  34.  36,  40,  43,  46,  56, 
61.  70,  138;  shapes  of,  220;  chemi- 
cal analyses  of,  after  454. 

Analcite,  32,  36.  55. 

Anamesite,  377. 

Andase,  -ose,  427. 

Andendiorite,  358. 
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Andesite,  369,  371,  372. 

Andesite-porphyry,  373. 

Andradite,  47,  61,  143. 

Anion,  109. 

Annerodite,  53,  60,  62,  66,  68. 

Anorthite,  39,  54. 

Anorthosite,  375,  376 

Antimony,  65. 

Apachite,  386. 

Apatite,  42,  67,  70,  121. 

Aphanites,  452. 

Aplite:  granitic,  351;  syenitic,  362. 

Apophyses,  310. 

Appianose,  425. 

Arfvedsonite,  34. 

Araeinose,  Class  IV,  opp.  430. 

Ari^gite,  382. 

Arkajisose,  427. 

Arrangement  of  crystals,  222. 

Arsenic,  65. 

Association:  chemical,  106;  of  igne- 
ous rocks,  254. 

AstrophyUite,  31,  35,  37,  47,  48,  56, 
60,61. 

Atlantare,  428. 

Augite,  39,  43,  46,  136. 

Augite-syenite,  369. 

Augitite,  383. 

Auruncose,  427. 

Austrare,  427. 

Auvergnase,  -ose,  429. 

Average  magma,  120;  mineral  com- 
position ot,  148,  152. 

Avezaciase,  -ose.  Class  IV,  opp.  430. 

Aziolite,  239. 

Baddeleyite,  59. 

Baltimorase,  -iase,  -ose,  430. 

Banakite,  371. 

Banatite,  358. 

Banded  texture,  242. 

Bandase,  -ose,  427. 

Barium,  38,  39,  50. 

BarVpvikite,  M,  46. 

Bwt,  373.  S75,  378,  379;  in  megsr 

Topic   P^^^P^^'  ^"^'^  ^   ^* 
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Basaltic  hornblende,  139. 

Basalt-porphyry,  in  megascopic  petro- 
graphy, 453. 

Basanite,  389,  390. 

Bases,  116. 

Basic  salts,  118. 

Batholiths,  315. 

Beckelite,  41,  52. 

Beemerose,  425. 

Beerbachite,  377. 

Beerbachose,  427. 

Belcherose,  opp.  430. 

Belgare,  424. 

Bergeniare,  -ase,  -iase,  -ose.  Class  IV, 
opp.  430. 

Bertrandite,  49. 

Beryl,  49,  55. 

Beryllium,  see  glucinmn,  38,  49,  51. 

Beryllonite,  35,  49,  67. 

Biotite,  31,  36,  44, 45,  55,  62,  70, 132. 

Bismuth,  65. 

Bohemare,  429. 

Boiling  point,  77. 

Bombs,  304. 

Boninite,  373. 

Borolanite,  385. 

Borolanose,  427. 

Boron,  51,  56,  57. 

Borsowase,  -ose,  424 

Bostonite,  366. 

Braccianose,  427. 

Branching  crystals,  224. 

Brandbergiase,  -ose,  opp.  430. 

Breadcrust  bombs,  304. 

Breccia,  303,  306,  330. 

Britannare,  425. 

Bromine,  69. 

Bruniase,  Class  IV,  opp.  430. 

Butte  granite,  mode  and  analysis, 
447. 

Bysmaliths,  315. 

Cadmium,  38,  51. 

Caesium,  29,  30,  37. 

Calci-alkalic  granites,  352. 

Calci-alkalic  syenites,  363. 

Calci-alkalic  trachytes,  365. 

Calcite,  42. 

Calcium,  38,  39,  50. 

Calculations:  of  mineral  composition 
of  average  magma,  148;  of  norm, 
435;  of  norm  from  mode,  445. 

Campanare,  427. 

Camptonase,  -ose,  429. 

Camptonite,  375. 

Canadare,  -ase,  425. 

Cancrinite,  33,  36,  55,  64. 

Cappelenite,  39,  50,  52,  57. 


Carbon,  58,  64. 

Caroliniase,  430. 

Caryocerite,  37,  41,  62,  57,  58,  60,  66, 

Cascadose,  429. 

Casselase,  -iase,  -ose,  opp.  430. 

Cassiterite,  62. 

Catalytic  agent,  112. 

Catal3rtic  effects  of  hydrogen,  129, 
142. 

Catapleiite,  34,  37,  40,  59. 

Cation,  109. 

Cecilose,  430. 

Cenotypal  habit,  353. 

Cerium,  51,  57,  58. 

Ceylonlte,  44,  45,  55,  146. 

Chalcopyrite,  37,  48,  69. 

Champlainase,  -iase,  -ore.  Class  FV, 
opp.  430. 

Change  of  density,  261;  of  state,  79 
of  viscosity,  265. 

Chamokite,  352. 

Chemical  activity.  111;  of  acids,  116 
speed  of,  111. 

Chemical  analyses  of  rocks,  2;  rep- 
resentative,   4,    6;    average,    120 
with   pyroxenes,    amphiboles   and 
micas,  opp.  554;  diagrams  of,  8,  19 

Chemical  benavior  of  ionic  substances 
112. 

Chemical  classification  of  the  Quali- 
tative System,  449. 

Chemical  composition  of  igneous 
rocks,  1;  of  pyrogenetic  minerals, 
23. 

Chemical  constituents  of  igneous 
rocks,  4. 

Chemical  data,  2. 

Chemical  elements,  table  of,  28; 
Group  I,  29;  Group  II,  38;  Group 
III,  51;  Group  IV,  58;  Group  V, 
65;  Group  VI,  68;  Group  VII,  69; 


ip  VI,  c 
III,  71. 


Group  V 

Chemical  energy.  111. 

Chemical  equilibrium  and  differentia- 
tion, 276. 

Chemical  facies,  277. 

Chemical  reactions,  113;  in  rock  mag- 
mas, 120;  in  solutions,  110. 

Chibinase,  -ose,  427. 

Chiolite,  70. 

Chlorine,  69,  70. 

Chotase,  -ose,  429. 

Chromite,  45,  56. 

Chromium,  56,  68,  69. 

Ciminite,  371. 

Ciminose,  427. 

Cinder  cones,  306. 
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Class  in  Quantitative  System,  407, 

408. 
Classification  of  igneous  rocks,  334; 

by    Rosenbusch,    344;    by    Roth, 

341;  by  Zirkd,  342;  growth  of,  338; 

Qualitative  Minersiiogical  System, 

347;  Quantitative  System,  394. 
Cobalt,  38,  48,  71. 
Colloid,  110. 

Colloidal  silica,  122;  solution,  110. 
Coloradase,  425. 
Columbare,  424. 
Columbite,  47,  48,  66. 
Columbium,  65. 
Columnar  structure,  320. 
Comagmatic  regions,  256. 
Comendite,  355. 
Common  ion,  137,  139. 
Complementary  rocks,  292. 
Compound  spherulites,  239. 
Consanguinity,  256. 
Consertal  fabric,  223. 
Constituent    elements     in     igneous 

rocks,  3;  relative  proportions  of, 

24. 
Contact  phenomena,  316. 
Contemporaneous  veins,  272,  310. 
Cookose,  Class  IV,  opp,  430. 
Copper,  30,  37. 
Cordierite,  37,  44,  47,  55. 
Cores,  311. 
Corsase,  427. 
Cortlandtase,  -iase,  -ose,   Class  IV, 

opp.  430. 
Cortlandtite,  381. 
Corundum,  54,  146. 
Cossyrite,  34,  61. 
Covose,  429. 
Critical    density,    78;    pressure,    77; 

temperature,  77. 
Crushed  spherulites,  235. 
Cryohydrates,  99. 
Ciyolite,  70. 
Cryophyllite,  36. 
Ciysoberyl,  49,  54. 
Ciystallinity,     184;     and     dissolved 

gases,    185;   and   rate  of  cooling, 

186;    and    viscosity,    184;    terms 

applied  to,  187. 
Crystallization  of  igneous  rocks,  182. 
Crystallized  matter,  79. 
Cuselite,  375. 
Custerose,  Class  IV,  opp.  430. 

Dacase  ^ose  427 
Dacite,'355,'357,'359,  360,  361. 
Dacite-porphjrry,  356,  359. 
Danalite,  44,  48,  49,  69. 


Dargase,  424. 

DeUenite,  357,  359. 

Dellenite-jKjrphyry,  360. 

Dellenose,  425. 

Dense  rocks,  452. 

Descriptive  terms  applied  to  crys- 
tallinity,  187;  to  granularity,  191. 

Devitrification,  182. 

Diabase,  377. 

Diagrams  of  chemical  analyses,  8,  19 
firet  type,  9;  second  type,  12 
third  type,  14;  fourth  tjrpe,  16 
of  representative  analyses,  21 
Plates  I,  II,  III,  at  end  of  volimie. 

DiaUagite,  382. 

Didymium,  51,  57. 

Differentiation  of  rock  magmas,  251; 
general  character  of,  257;  local 
and  regional,  259;  hypotheses  of» 
284;  molecular,  268. 

Diffusion,  102;  rates  of,  104,  105. 

Dikes,  309;  sandstone,  311. 

Diopside,  39,  43,  46,  136. 

Diorite,  369;  in  megascopical  petro- 
graphy, 452. 

Diorite-porphyry,  370. 

Dioritic  lamprophyres,  374. 

Displacement  of  one  ion,  118. 

Ditroite,  384. 

Dofemane,  -one,  Class  IV,  opp.  430. 

Dolerite,  377. 

Domes,  300. 

Domite,  365. 

Dosalane,  -one,  426. 

Double  decomposition:  acids  and 
bases,  117;  salts  in  solution,  113. 

Double  salts,  118. 

Dumortierite,  54. 

Dunase,  -iase,  -ose,  430. 

Dunite,  382. 

Durbachite,  374. 


Ekerite,  352. 

Electrical  conductivity  of  solutions, 

109. 
Electrolytes,  108. 
Electromotive  series,  119. 
Eleolite-syenite,  384. 
Enantiotropism.  87. 
Endogenous  inclusions,  254. 
Enstatite,  43,  46,  136. 
Enstatitite,  382. 
Epidote,  36,  41,  47,  55,  143. 
Equigranular  fabric,  195. 
Equigranular  rocks,  arrangement  of 

crjrstals  in,  222. 
Eauilibrium     between     vapor     and 

liquid,  77. 
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Erbium,  51.  57. 

Eruption  of  magma,  287. 

Essexase,  -ose,  427. 

Essexite,  370,  376,  388. 

Etindase,  -ose,  429. 

Eucolite,  8ee  Eudialyte. 

Eucrite,  376. 

Eucryptite,  35,  128. 

Eudialyte,  34,  40,  47,  48,  52,  59,  70. 

Euktolite,  392. 

Eulysite,  381. 

Eutaxitic  structure,  331. 

Eutectic  mixture,  98,  166;  point,  99, 
166;  of  more  than  two  compon- 
ents, 178. 

Euxenite,  53,  62,  66,  68. 

Examples  of  calculations  in  Quanti- 
tative System,  441,  447. 

Extrusive  Dodies,  296. 

Fabric,  194;  consertal,  223;  equi- 
granular,  195;  graphic^  206;  in- 
equigranular,  196;  microspheru- 
litic,  231;  porphyritic,  199,  224. 

Facies  of  i^eous  rocks,  252,  277. 

False  equilibria,  90. 

Family  in  Quantitative  System,  408. 

Farrisite,  389. 

Favalite,  46,  142. 

Feldspars,  shapes  of,  212. 

Felic,  defined,  411. 

Felsite,  356,  367;  in  megascopical 
petrography,  453. 

Felsite-porphyiy,  356,  453. 

Felsophyre,  356. 

Femic  minerals,  401. 

Fergusonite,  42,  44,  53,  62,  65,  68, 
70. 

Fergusose,  427. 

Fiasconose,  429. 

Finnare,  429. 

Five-fold  division  in  Quantitative 
System,  405. 

Flow-breccia,  331. 

Fluocerite,  70. 

Fluorine,  69,  70. 

Fluorite,  42,  70. 

Fourchite,  392. 

Foyaite,  385. 

Freezing  points  of  solution,  98. 

Gabbro,   370,  375,    379;    in    megar 

scopical  petrography,  452. 
Gadolinite,  47,  49,  52. 
Gallare,  429. 
Gallium,  51,  57. 
Garnets,  41,  47,  56,  142. 


Gases,  kinetic  theory  of,  76;  solu- 
tion of,  91,  99. 

Gauteite,  373. 

Germanare,  427. 

Germanium,  58,  64. 

Glassy  rocks,  452. 

Glucinum,  38,  49,  51. 

Gold,  30,  37. 

Gordonase,  426. 

Gorduniare,  -ase,  -iase,  -ose,  430. 

Grad,  in  Quantitative  System,  407, 
408,  417. 

Grained  rocks,  452. 

Grandidierite,  54. 

Granite,  351,  352;  in  megascopical 
petrography,    452;   use   of   name, 

Granite  pegmatite,  352. 

Granite-porphyry,  352. 

Granodiorite,  357,  358. 

Granoph]^,  356. 

Granularity,  187;  and  molecular  con- 
centration, 190;  and  rate  of  cool- 
ing, 188;  and  viscosity,  187. 

Graphic  fabric,  206. 

Grorudite,  355. 

Grorudose,  427. 

Grossularite,  143. 

Guarinite,  42,  61. 

Habit  in  Quantitative  System,  432, 
433;  cenotypaland  paleotypal,  353. 

Hainite,  60. 

Harrisite,  380. 

Harzbuigite,  381. 

Harzose,  427^ 

Hastingsite,  34. 

Hatchattolite,  37,  42,  52,  62,  65,  68. 

Haiiynite,  33,  55,  69,  129. 

Haiiynophyre,  392. 

Heat  of  liquefaction,  81 ;  of  vapori- 
zatioUj  81;  specific,  81. 

Hedrumite,  363. 

Helvite,  48,  49,  69. 

Hematite,  45,  60,  147. 

Hemic  defined,  413. 

Herderite,  37,  42,  49,  67  7a 

Hessase,  -ose,  427. 

Heterogeneous  textures,  241. 

Hiatal  fabric,  198. 

Hiehnite,  53,  66,  68. 

Highwoodose,  427. 

Hispanare,  426. 

Historical  sketch  of  growth  of  classi- 
fication, 334. 

Hjortdahlite,  60,  61,  70. 

Hollow  spherulites,  234. 

Homilite,  41,  47,  57. 
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Homogeneity  of  solutioDS,  105. 

Homogeneous  textures,  241. 

Hornblende,  46,  139. 

Homblendite,  382,  453. 

Hungarare.  -iare.  Class  IV,  opp.  430. 

Hyak)basalt,  378. 

Hyalodacite,  360. 

Hyalomelane,  378. 

Hyalorhvolite,  355. 

Hyalosiderite,  46. 

Hyalotrachyte,  366. 

Hybrid  rocks,  283. 

Hydrogen,  36,  38;  as  catalytic  agent, 

129,  142. 
Hydrogen  salts,  115. 
Hydrolysis,    130,   134,   140,   142;  of 

salts,  114. 
Hydroxyl  salts,  116. 
Hyperite,  376. 
Hypersthene,  43,  46. 
Hypersthenite,  382. 
Hypertectic  mixture,  and  point,  170. 
Hypotheses  as  to  differentiation  of 

rock  magmas,  284. 

livaarose,  429. 

Ijolase,  -ose,  429. 

Iiolite,  391. 

Ilmenite,  45,  60,  145. 

Ilmenose,  427. 

Indare,  425. 

Indeterminable  mode,  421. 

Indium,  51,  57. 

Inequigranular  fabric,  196. 

Inequigranular  rocks,  arrangement 
of  crystals  in,  223. 

Intrusive  bodies,  309;  sheets,  313. 

Iodine,  69. 

Ionic  double  decomposition,  116; 
and  chemical  activity,  117. 

Ionization,  117;  of  acids,  115. 

lonogens,  108. 

Ions,  108. 

Iridium,  71. 

Iron,  38,  44,  50,  57,  71,  147. 

Isomorphous  compounds,  crystalli- 
zation of,  135;  definition  of,  102. 

Italare,  427. 

Ivaarite,  61. 

• 

Jacupirangite,  391. 

Jadeite,  32,  55,  128. 

Janeirose,  427. 

Johnstrupite,  35,  37,  41,  52,  60,  61, 

70. 
Judithose,  427. 
Jugose,  429. 


Ealiophilite,  128. 

Kallerudose,  425. 

Kalteniase,  -ose,  Class  IV,  opp.  430. 

Kamerunare,  -ase,  -ose,  429. 

Katoforite,  34. 

Kedabekase,  429. 

Kedabekite,  376. 

Keilhauite,  42,  47,  52,  56,  61. 

Kentallenite,  374. 

Kentallenose,  429. 

Keratophyre,  356,  366. 

Kersantite,  375. 

Kilauase,  -ose,  429. 

Kimberlite,  382. 

Kinetic  theory  of  gases  and  liquids, 

76;  of  solids,  79. 
Koswose,  430. 
Kulaite,  388. 
Kyschtymase,  425. 
Kyschtymite,  376. 

Labile  condition,  160. 

Labradorase,  -ose,  425. 

Laccoliths,  314. 

Lamarose,  429. 

Laminated  texture,  242. 

Lamprophyre,  374. 

Lanthanum,  51,  57. 

Lapilli,  303. 

Lappare,  427. 

Lassenose,  425. 

Latite,  369,  371. 

Laugenase,  -ose,  425. 

Lauixialase,  -ose,  427. 

Laurdalite,  385. 

Laurvikite,  363. 

Laurvikose,  425. 

Lava  streams  and  sheets,  296. 

L^venite,  40,  48,  59,  61,  66,  70,  138. 

Lead,  58,  62,  64. 

Lebachose,  425. 

Lenad,  411. 

Lepidolite,  36,  54,  70,  132. 

Lepidomelane,  45,  62,  132. 

Lermondose,  430. 

Leucite,  30,  55,  128,  134;  shapes  of, 
219;  with  soda-lime  feldspars,  134. 

Leucite-basalt,  392. 

Leucite-basanite,  389. 

Leucite-phonolite,  386. 

Leucite-tephrite,  388. 

Leucite-tinguaite,  387. 

Leucite-trachyte,  386. 

Leucitite.  392. 

Leucitophyre,  386. 

Leucophanite,  34,  40,  49,  70. 

Leucophyre  in  megascopic  petro- 
graphy, 453. 
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Lestiwarite,  362. 

Lherzase,  -iase,  -ose,  Class  IV,  opp. 

430. 
Lherzolite,  381. 
Limburgase,  -ose,  429. 
Limburgite,  380,  383. 
Lime-soda-feldspars,  shapes  of,  215. 
Lindoite,  362. 
Liparase,  -ose,  425. 
Liparite,  354. 
Liquidus,  172. 
Litchfieldite,  384. 
Lithiophilite,  36,  49,  67 
Lithium,  29,  35,  38. 
Lithoidite,  355. 
Lithophysse,  142,  236. 
Luciite,  370. 
Lujaurase,  -ose,  427. 
Lujaurite,  385. 

Madupite,  392. 

Madupose,  429. 

Msnaite,  366. 

Magdebur^ose,  424. 

Ma^ma,  differentiation  of,  287;  erup- 
tion of,  287;  solutions,  75;  average, 
120;  chemical  reactions  in,  120. 

Magmatic  names,  422. 

Magnesium,  38,  43,  50. 

Magnetite,  45,  147. 

Ma^etite-olivenite,  382. 

Mainare,  -iare,  430. 

Malchite,  370. 

Malignase,  -ose,  429. 

Malignite,  368. 

Manganese,  38,  48,  50,  69. 

Maorare,  -iare,  430. 

Mariciase,  -ose,  430. 

Mariposose,  425. 

Mariupolite,  384. 

Mariupolose,  425. 

Marquettiase,  -ose.  Class  IV,  opp.  430. 

Marylandiare,  430. 

Mazarunose,  425. 

Megascopical  petrography,  450. 

Melanite,  47. 

Melanocerite,  37,  41,  52,  57,  58,  60, 
66,  70. 

Melaphyre,  378,  453. 

Melilite,  41,  44,  47,  56,  144. 

Melilite-basalt,  392. 

Meliphanite,  34,  41,  49.  70. 

Melting  point,  79;  ana  pressure,  81; 
determination  of,  82;  of  pyroge- 
netic  minerals,  84. 

Mendel^eff's  law,  27. 

Mercury,  38,  51. 

MetaUic  iron,  45. 


Metastable  condition,  159. 
Method  of  calculating  norm  in  Quan- 
titative System,  433. 
Miarolitic  texture,  211. 
Miascite,  385. 
Miaskase,  -ose,  425. 
Mica,  132;  shapes  of,  219;  chemical 

analyses  of,  opp.  454. 
Microcline,  30. 
Micrographic  fabric,  206. 
Microlite.  42,  53,  65,  68,  70. 
Microspherulitic  fabric,  231. 
Mihalose,  424. 
Mijakite,  373. 
Mineral  facies,  277. 
Mineral    qualifiers     in    Quantitative 

System,  431. 
Minette,  368. 

Minnesotiare,  -ase,  -iase,  opp.  430. 
Miric  defined,  414. 
Mirlic  defined,  414. 
Missourite,  391. 
Mitic  defined,  412. 
Mixed  ionogens,  118. 
Mixed  salts,  129,  132,  136,  138,  141- 

144,  146. 
Mode,    419;    abnormative,    421;    of 

Butte  granite,  447;  indeterminable, 

421;  normative,  420. 
Modes  of  occurrence  of  igneous  rocks, 

296. 
Molecular  concentration,  266. 
Molecular  constitution  of  solutions, 

106. 
Molecular  differentiation,  268. 
Molybdenite,  69. 
Molybdenum,  68,  69. 
Monazite,  53,  59,  67. 
Monchiquase,  -ose,  429. 
Monchiquite,  391,  392. 
Mondhaldeite,  372. 
Monmouthase,  -ose,  425. 
Monotropism,  87. 
Monzonase,  -ose,  427. 
Monzonite,  369. 
Monzonite-porphyry,  370. 
Monzonitic  lamprophyre,  374. 
Mosandrite,  35,  37,  41,  52,  60,  61,  70. 
Mud  flows,  308. 
Muscovite,  31,  36,  54,  70,  130. 

Necks,  311. 

Nephelinite,  391,  392. 

Nephelite,  31,  32,  54,  128;  shapes  of, 

218. 
Nephelite-basalt,  392. 
Nephelite-malignite,  387. 
Nephelite-porphyry,  385. 


INDEX 


461 


Nephelite-rhombenporphyry,  387. 

Nephelite-syenite,  383,  384     . 

Neutralization,  117. 

Neutral  salts,  118. 

Nevadite,  355. 

Nickel,  38,  48,  71. 

Niobium,  65. 

Nitrogen,  66,  67. 

Nomenclature  of  igneous  rocks,  334; 

growth   of,    336;    in   Quantitative 

System,  422. 
Noramarkase,  -ose,  425 
Nordmarkite,  363. 
Norgare,  427. 
Norite,  376. 

Norm,  419;  calculation  of,  435. 
Normal  salts,  118. 
Normative  minerals,  420. 
Normative  mode,  420. 
Noseanite,  392. 
Noselite,  33,  55,  69,  70,  129. 
Noyangose,  425. 

Obsidian,     in     nomenclature,     337; 

rhyolitic,  355;  trachjrtic,  366. 
Odinite,  380. 

Olivine,  44,  46, 134, 141;  shapes  of,  221. 
Olivine-monzonite,  374. 
Omeose,  425. 
Ontarare,  425. 
Ophite,  379. 
Orbicular  texture,  245. 
Order  of  eruption  of  igneous  rocks,  257. 
Order  of  magnitude  of  crystals,  193. 
Order   of   separation   of   substances 

from  solution,  165. 
Order  in  Quantitative  System,  407, 

411. 
Orendase,  -ose,  429. 
Orendite,  387. 
Om6ite,  370. 
Omose,  429. 

Orthoclase,  30,  55,  63,  128. 
Orthophyre,  364,  366. 
Osmium,  71. 
Osmotic  pressure,  103. 
Ottajanose,  429. 
Ouachitite,  393. 
Ourose,  429. 
Oxygen,  68,  69. 

Paisanite,  355. 
Paleotypal  habit,  353. 
Palisadose,  Class  IV,  opp.  430. 
Palladium,  71. 
Pantellerase,  -ose,  427. 
Pantellerite,  354. 

Paoliare,  -ase,  -iase,  -ose.  Class  IV, 
opp.  430. 


Paragonite,  35. 

Paramorphism  of  hornblende,  140. 

Parent  magma,  293. 

Pegmatite  veins,  273. 

Pegmatite,     granite,     352;     syenite, 

362;  quartz,  350. 
Pentlandite,  48,  69. 
Perfemane,  -one,  430. 
Peridotite,  380,  381,  453. 
Perlite,  355;  trachytic,  366. 
Perlitic  structure,  320. 
Permose,  430. 
Perovskite,  42,  47,  60,  145. 
Persalane,  -one,  424. 
Petalite,  35,  55,  63,  128. 
Petrographical  province,  255. 
Phanerite,  452. 
Phenacite,  49. 
Phenocryst,  199. 
Phlegrose,  425. 
Phlogopite,  132. 
Phonolite,  337,  383,  384,  386. 
Phosphorus,  65,  66. 
Picotite,  44,  45,  54,  56,  146. 
Picrite,  381. 
Picrite-porphyry,  381. 
Picrotitanite,  44,  45. 
Pillow  structure,  300. 
Pitchstone,  356. 
Placerose,  427. 
Platinum,  71. 
Platy  parting,  327. 
Pleonaste,  44,  45,  55,  146. 
Pneumatolytic  minerals,  276. 
Pneumatolytic  process,  211. 
Poikilitic  fabric,  202. 
Points  of  separation,  160. 
Polic  defined,  412. 
Pollucite,  30,  37,  55. 
Polycrase,  53,  62,  66,  68. 
Polylithionite,  36. 
Polymerization,  106. 
Polymignite,  53,  60,  62,  66. 
Polymorphic   substances,  separation 

of,  164. 
Polymorphism,  87. 
Porphyrite,  373. 
Porphyritic  fabric,  199,  224. 
Porphyry,  in  nomenclature,    336;  in 

megascopical  petrography,  453. 
Portugare,  429. 
Potassium,  29,  30,  37. 
Potash-feldspar,  shapes  of,  212. 
Prefixes  in  Quantitative  System,  407. 
Primary  gneissic  texture,  242. 
Prismatic  parting,  320. 
Procenose,  425. 
Processes  of  differentiation.  260. 
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Products  of  explosion,  303. 

Propylite,  373. 

Proterobase,  379. 

Prowersose,  429. 

Pseudobrookite,  60. 

Pseudoleucite-porphyry,  385. 

Pseudoleucite-syenite,  385. 

Pyreniare,  opp.  430. 

Pyric  defined,  412. 

Pyrite  47,  69. 

Pyrochlore,  35,  42,  53,  59,  62,  65,  70. 

Pyrogenetic  compounds,  occurrence 
of,  71. 

Pyrope,  143. 

Pyroxenes,  39,  43,  56,  61,  136; 
orthorhombic,  43,  46;  shapes  of, 
219;  chemical  analyses  of,  after  454. 

Pyroxenit«,  380,  382,  453. 

Pyrrhotite,  48,  69. 

Pulaskase,  -ose,  425. 

Pulaskite,  363. 

Pumice,  355;  trachjrtic,  366. 

Qualitative  mineralogical  classifica- 
tion, 347;  table  of  rock  names,  348. 

Quantitative  classification,  394; 
basis  of,  395;  construction  of 
system,  403;  Class  in,  408;  Order, 
411;  Rang,  413;  Grad,  417. 

Quaric  defined,  411. 

Quartz,  63,  145;  transition  point  in, 
211. 

Quartz-andesite,  360. 

Quartz-basalt,  360. 

Quartz-bostonite,  356. 

Quartz-diorite,  357,  358,  360,  361. 

Quartz-diorite-porph3rry,  358. 

Quartz*keratopnyre,  356. 

Quartzless  poiphyry,  364,  366. 

Quartz-lindoite,  352. 

Quartz-monzonite,  357. 

Quartz-pegmatite,  350. 

Quartz-porphyrite,  356. 

Quartz-porphyry,  353,  355. 

Quartz-syenite,  364. 

Quartz-tmguaite,  355. 

Quartz-veins,  350. 

Quebeciare,  -ase.  Class  IV,  opp.  430. 

Radial  crystallization,  228. 

Radiating  crystals,  224. 

Radium,  38. 

Rang  in  Quantitative  Sjrstem,  407, 

408,  413. 
Rhodare,  -ase,  -ose,  430. 
Rhodium,  71. 

Rhombenporphyry,  364,  367,  385. 
Rhyolite,  351,  353,  354. 


Riebeckite,  34,  46,  139. 

Riesenase,  -ose,  424. 

Rigid  solution,  99. 

Rinkite,  35,  41,  52,  61,  70. 

Rockallase,  -ose,  429. 

Rockallite,  352. 

Rock  analyses,  tables  of,  2;  repre- 
sentative, 4,  6;  average,  120. 

Rock  ma^pnas,  74;  as  solutions,  75. 

Rocks  chiefly  quartz,  350;  character- 
ized by  quartz  and  feldspar,  351 : 
by  feldspar,  361;  by  feldspar  and 
f eldspatnoids,  383 ;  by  feldquithoids, 
390. 

Root  of  names  in  Quantitative 
System,  422. 

Rosenbuschite,  40,  48,  52,  59,  61,  70, 
138. 

Rossweinose,  Class  IV,  opp.  430. 

Rubidium,  29,  30,  37. 

Russare,  425. 

Ruthenium,  71. 

Rutile,  60,  146. 

Sagamose,  427. 

Salemase,  -ose,  427. 

Salfemane,  -one,  428. 

Salic  minerals,  400. 

Salts:  acid,  basic,  and  neutral,  118; 
mixed,  129-146. 

Samarskite,  47,  53,  66,  68. 

Sandstone  dikes,  311. 

Sanukite,  373. 

Saturation  of  solutions,  93,  158. 

Saxonite,  381. 

Scheelite,  42,  68. 

Schlieren,  253. 

Schorlomite,  61,  143. 

Scotare,  opp.  430. 

Scyelite,  381. 

Section  in  Quantitative  System,  408, 
413,  415,  417. 

S^e^tions,  253. 

Selemum,  68. 

Separation  of  substances  from  solu- 
tion, 154;  of  gases,  154;  of  liquids, 
155;  of  solids,  156;  rate  of,  161; 
and  viscosity,  163;  of  isomorphous 
compounds,  172. 

Seriate  fabric,  196. 

Series  in  Quantitative  System,  408. 

Shapes  of  crystals,  204;  of  auarts, 
206;  of  feldspars,  212;  of  nepnelite, 
218;  of  leucite,  29;  of  micas,  219; 
of  pyroxenes,  219;  of  amphiboles^ 
220;  of  olivine,  221. 

Shonkinite,  367. 

Shonkinose,  429. 
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Shoshonite,  371. 

Shoshonoee,  427. 

Silica,  145. 

Silicic  acids,  122,  124,  131. 

SiUcon,  58,  62,  64,  121. 

Sills,  313. 

Silver,  30. 

Sintering,  83. 

SipyUte,  42,  65,  68. 

Sitkoee.  426. 

Sizes  01  crystals,  194. 

Sodi^lime-feldspars,  134;  shapes  of, 
215. 

Sodalite,  33, 55, 70, 129;  shapes  of,  219. 

Sodalite-rock,  390. 

Sodalite-syenite,  363,  384. 

Soda-potash-feldspars,  shapes  of,  215. 

Sodium,  29,  31,  37. 

Solids,  80. 

Solid  solutions,  99;  examples  of,  101. 

Solidus,  172. 

Solubility,  and  temperature,  95;  and 
pressure,  96;  ana  composition  of 
solid  and  solution,  96. 

Solutions,  physical  characters  of,  91; 
of  leases  in  liquids,  91;  of  liquids 
in  liquids,  92;  of  solids  in  liciuids, 
93; 'of  gases  in  solids,  99;  of  liquids 
in  solids,  100;  of  solids  in  solids, 
100;  of  solids  in  mixture  of  liquids, 
97;  of  rocks  by  liquid  magma,  280; 
pressure,  94,  103;  volumetric 
changes  in,  96;  saturation  of,  93, 
158. 

Sdlvsbergite,  366. 

Soret's  principle,  106. 

Specific  heat,  81. 

Spessartite,  48,  143,  375. 

Spheroidal  structure,  318. 

Spherulites,  concentrically  zoned, 
233;  crushed,  235;  compound,  239; 

graphically  intergrown,  229;  of 
ranching  crystals,  232;  hollow,  234. 

Spherulitic  crystallizaton,  228;  essen- 
tial charsuiteristics  of,  239. 

Spine  of  Mont  Pel^,  301. 

Spinel,  44,  45,  54,  146. 

Spodumene,  35,  55,  128. 

Spontaneous  crystsLllization,  curve  of, 
169. 

Standard  minerals  in  Quantitative 
System,  399.     . 

Stocks.  311. 

Strontium,  38,  39,  50. 

Structure,  of  aggregation,  330;  of 
igneous  rocks,  317;  columnar,  320; 
platy,  327;  spheroidal,  318;  eutax- 
itic,  331 ;  pillow,  300. 


Subclass  in  Quantitative  System,  407, 

409. 
Subgrad  in  the  same,  408,  418. 
Suborder  in  the  same,  408,  413. 
Subrang  in  the  same,  408,  415. 
Suffixes   to   names  in  Quantitative 

System,  422. 
Sulphur,  68,  69. 
Supersaturation  of  solutions,  93,  158; 

and  order  of  separation,  169. 
Supersolubility  curve,  169. 
Sussexite,  390. 

Sverigare,  -iare,  Class  IV,  opp.  430. 
Syenite,  362,  452;  in  nomenclature, 

336. 
Syenite-porphyry,  364. 
Syenitic  pegmatite,  362. 

Tabergase,  -iase,  Class  IV,  opp.  430. 

Tables  of  magmatic  names  in  Quanti- 
tative System,  424;  of  rock  names 
in  Qualitative  System,  348;  of 
chemical  analyses  of  representa- 
tive rocks,  6,  7;  of  pyroxenes  and 
rocks  containing  them,  after  454; 
of  amphiboles  and  rocks,  after 
454 ;  of  micas  and  rocks,  after  454. 

Tabular  parting,  327. 

Tachylyte,  378. 

Tantahte,  47,  48,  66. 

Tantalum,  65. 

Tapiolite,  47,  66. 

Tasmanare,  425. 

Taurose,  424. 

Tawite,  390. 

Tehamose,  424. 

Tellurium,  68. 

Tephrite,  388. 

Ternary  eutectic,  178. 

Ternary  hypertectic,  180. 

Teschenite,  389. 

Texiare,  -ase.  Class  IV,  opp.  430. 

Texturai  facies,  279. 

Textural  qualifiers  in  Quantitative 
System,  432. 

Texture  of  igneous  rocks,  182; 
heterogeneous  and  homogeneous, 
241 ;  primary  gneissic,  or  oanded, 
242;  miarolitic,  211;  orbicular,  245. 

Thalium,  51,  57. 

Theralite,  388. 

Thorite,  58,  62,  68. 

Thorium,  58,  64. 

Tilic  defined,  413. 

Tin,  58,  62,  64. 

Tinguaite,  386. 

Titaniferous  magnetite  rock,  382. 

Titanite,  42,  52,  61,  145. 
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Titanium,  58,  60,  64,  145. 

Tonalase,  -ose,  427. 

Tonalite,  358. 

Tonsbergite,  364. 

Topaz,  54,  70. 

TordriUite,  354. 

Toscanase,  -ose,  425. 

Tourmaline,  31, 35,  36, 44,  47,  54,  57, 
62,  70. 

Trachyandesite,  371. 

Trachydolerite,  371. 

Trachyte,  362,  364,  365;  in  nomen- 
clature, 337. 

Tridymite,  63,  145,  212. 

Triphylite,  36,  49,  67. 

Triplite.  42,  49,  67. 

Triploidite,  37,  49,  67. 

Tritomite,  37, 41, 52, 57, 58, 60, 66, 70. 

Troctolite,  376. 

Tuff,  303,  306,  330. 

Tungsten,  68. 

Tuohimnose,  425. 

Type  in  Quantitative  System,  432. 

Tysonite,  70. 

Umptekase,  -ose,  427. 

Umptekite,  363. 

Uralase,  -ose,  424. 

Uraninite,  53,  59,  60,  62,  67,  68. 

Uranium,  68. 

Urtase,  -ose,  427. 

Urtite,  390. 

Uvaldiase,  -ose.  Class  IV,  opp.  430. 

Uvarovite,  56. 

Vaalare,  -ase,  -ose,  429. 
Valbonniase,  -ose,  Class  IV,  opp.  430. 
Vanadium,  65,  66. 
Vapor,    defined,     78;    tension,     77; 

pressure  of  solutions,  97. 
Varieties  in  Quantitative  System,  421. 
Varingase,  -ose,  426. 
Variofite,  379. 
Vaugnerite,  374. 
Veins,    309;    contemporaneous,    272, 

310;  pegmatite,  273;  quartz,  350. 


Vexianziase,  -ose.  Class  IV,  opp.  430. 
Venanzite,  392. 
Verite,  372. 
Vesuvase,  -ose,  427. 
Viezzenase,  -ose,  425. 
Vicose,  427. 
Victorare,  424. 
Vitrophyre,  356,  454. 
Vopesite,  368. 

Volcanic  agglomerate  and  conglomer- 
ate, 307. 
Volcanic  plugs,  315. 
Volcanite,  360. 
Vulcanose,  424. 
Vulsinite,  371. 
Vulsinose,  425. 
Vulturase,  -ose,  427. 

Water,  36. 

Websterase,  -lase,  -ose,  430. 

Wehrlase,  -iase,  -ose.  Class  IV,  opp. 

430. 
Wehrlite,  381. 
Weiselbergite,  373. 
Welded  pumice,  333. 
Westphalose,  424. 

Wohlerite,  40,  48,  59,  61,  66,  70,  138. 
Wyomingase,  -ose,  429. 
Wyomingite,  387. 

Xenotime,  53,  60,  67. 

Yamaskase,  -ose,  Class  IV,  opp.  430. 

Yellowstonose,  425. 

Ytterbium,  51,  57. 

Yttrialite,  52,  58. 

Yttrium,  51,  57. 

Yttrotantalite,  37,  53,  66,  68. 

Yukonose,  424. 

Zinc,  38.  44,  51. 
Zinnwaldite,  36. 
Zircon,  59,  144. 
Zirconium,  58,  59,  64. 
Zonal  structure,  176. 
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